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Carbocations and Electrophilic Reactions 1 lin 



By George A. OlahC'} 



The general concept of carbocations encompasses all cations of carbon containing compounds 
which can be differentiated into two distinct classes: trivalent ("classical") carbenium ions 
and pentacoordinatcd Cnonclassicar) carbonium ions. In this paper the preparation and 
structural study (by NMR, IR. Raman and ESCA spectroscopy) of stable carbenium ions 
and carbonium ions are discussed. As is well known, trivalent carbenium ions play an important 
role in electrophilic reactions of %- and n^donor systems. Similarly, pentacoordinated car- 
bonium ions are the key Lo electrophilic reactions of a-donor systems (single bonds). 
The ability of single bonds lo act as a-donor lies in their ability to form carbonium 
ions via triangular two electron, three-center bond formation. Consequently there seems 
to be no principle difference between the electrophilic reactions of ir- and r>bonds except 
that the former react more easily, even with weak elect rophiles, whereas the latter necessitate 
more severe conditions. The role of carbocations in electrophilic reactions of n- and a-donor 
systems is discussed. 



1. General Concept 

1.1. Definition and Differentiation of Carbenium Ions and 
Carbonium lore 

The concept of carbocations (it seems to be the logical 
name for all cationic carbon compounds since the negative 
ions arc called carbanions). with exception of the early 
isolation of highly stabilized triarylcarbenium ion salts, 
had its origin and grew to maturity through kinetic, stereo- 
chemical, and product studies of a wide variety of reactions, 
especially unimolccular nucleophilic substitutions and eli- 
minations 1 - 1 . Leading investigators such as Meerwein, 
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Ingold, Hughes, Whiimore, BartleiU Nenitzescu, Winstein, 
and others have contributed fundamentally to the develop- 
ment of modern carbenium ion theory, i.e. to the concept 
of electron deficient cationic intermediates. Direct observa- 
tion of stable, long-lived carbenium ions, generally in highly 
acidic (superacid) solvent systems, has become possible 
only in recent years' 3 '. 

Based on our continuing study of carbocations by direct 
observation of long-lived species, it became increasingly 
apparent that the carbocation concept is much broader 
than previously realized and necessitates general definition. 
Such a definition is offered, therefore, based on the realiza- 
tion that two distinct classes of carbocations exist™; 

a) Trivalent ("classical") carbenium ion s containing an sp 2 - 
hybridized electron deficient central carbon atom (with 
six electrons in the valence shell), which, in the absence 
of constraining skeletal rigidity or steric interference, tends 
to give a planar (or close to planar) arrangement with 
the three directly bound atoms. (It should be noted that 
sp-hybridized, linear acyl cations and vinyl cations also 
show substantial electron deficiency on carbon.) 
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b) Pcnia-(or teira) coordinated C'nonclassicar ) carbonium 
bns % which contain five or four coordinated carbon atoms 
(having eight electrons in (he valence shell) bound by 
Three single bonds, and a two-electron, three-center bond 
(the latter being bound either to two additional bonding 
atoms. or involving a carbon atom to which they arc also 
bound by a single bond). 



in the same way as CHt (methenium ion, methyl cation, 
carbenium ion) is the parent for trivaJcnt carbenium ions. 



carbocation* 



carbenium ions 
trtvolcni 
"classical ions" 
t. 0. CRf 



curbonium ions 
penta* or tciricoordinawd 
~nonclas»ical ions" 
e. g. CKf (or CjRf) 



Expansion of the carbon octet via 3d-orbitaI participation 
does not seem possible; there can be only eight valence 
electrons in the outer shell of carbon 151 . Thus the covalency 
of carbon cannot exceed four. Pentacoordination implies 
a species with five or four ligands within reasonable bond- 
ing distance from the central atom 161 . The transition stales 
long ago suggested for S N 2 and S E 2 reactions may represent 
such cases. However, the direct observation of stable penta- 
coordinated species in solution was not reported until 
recently when studies were carried out on long-lived "non- 
ciassicar ions in superacid solvent systems. Moreover, 
in the past, S t 2 substitution reactions have been mainly 
restricted to organomctallic compounds, e.g. organo- 
mercurials 1 7I . 

Interaction of neighboring groups with the vacant p-orbitai 
of the carbenium ion center can contribute to ion stabiliza- 
tion via charge derealization. Such phenomena can involve 
atoms with unshared electron pairs (n-donors), C— H and 
C~ C hyperconjugation, bent a-bonds (as in cydopropyl- 
carbenium ions) and it-electron systems (direct conjugative 
or ally lie stabilization). Thus trivalent carbenium ions can 
show varying degrees of delocali2ation without becoming 
pentacoordinated carbonium ions. The limiting classes 
defined do not exclude varying degrees of derealization* 
but in fact imply a spectrum of carbocation structures. 

In contrast to the rather well-defined trivalent ("classical") 
carbenium ions. ^nonclassical ions 4 ' 181 have been more 
loosely defined. In recent years, a lively controversy has 
centered on the classical-nonclassical carbonium ion prob* 
Jem* 01 . The literature contains numerous contributions to 
the topic, but no generally accepted definition of nonclassi- 
cal ions has emerged. Furthermore no direct experimental 
means have been recognized for the differentiation of classi- 
cal and nonclassical ions. The extensive use of ^dotted 
lines" when writing carbonium ion structures has been 
(rightly) criticized by Br<W 9J1 , who carried, however, the 
criticism to questioning the existence of any a-delocalized 
(nonclassical) ion. For these ions, if they exist, he stated 
*\..a new bonding concept not yet established in carbon 
structures is required" 

It is suggested that unequivocal experimental evidence 
has since been obtained for nonclassical ions such as the 
norbornyl cation' 101 , and that the bonding concept 
required to define "nonclassical ions" is to consider them 
as penta- or tetracoordinaicd carbonium ions, of which 
CH 5 * (the methonium ion. carbonium ion) is the parent. 
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penrucoordinated 
R=*H or alky] 
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R-C-C-B 
i I 
R R 



(eiracoordinatcd 



For simplicity it is suggested that three-center bonds be 
depicted by triangular dotted lines drawn from and meeting 
each other between the three participating atoms; full 
straight lines are used to symbolize two center, two electron 
bonds. Such a formulation best illustrates the overlapping 
bonding orbitals: however, it must be remembered that 
the point of branching of the dotted line does not represent 
an additional atom. I 

Regarding the carbocation concept, it is regrettable that 
trivaJenr. planar ions of the type CH J arc generally referred 
to as carbonium tons in the Anglo-Saxon literature. If the 
name is considered analogous to other onium ions 
(ammonium, sulfonium, phosphonium ions, etc.), then it 
should relate to the higher valency state carbocation. 
The higher valency state carbocations, however, clearly 
are not the trivalent but the pentacoordinated cations of 
the CHs type. In the German and the French literature 
the term "carbenium ion" is frequently used for naming 
the trivalent cations. Should we consider these latter ions 
as protonated carbenes, then this naming is indeed cor- 
rect' 1 1 ' and in agreement with IUPAC rules for the nomen- 
clature of organic compounds and we could thus differed 
tiatc quite simply between carbenium (trivalent) and car- 
bonium (penta- or (etracuordinated ) ions {X1 \ It should be 
pointed out. however, that "carbenium ion" should be 
used only for the trivalent ions and not as a generic name 
for all carbocations. Owing to the wide acceptance of 
naming all cations of carbon, as carbonium or carbenium 
ions, we find the use of prefixes for differentiating trivalent 
and penta- or tetrucoordinated is advisable. However, in 
the future the nomenclature must differentiate quite clearly 
between trivalent carbenium ions and pentacoordinated 
carbonium ions. 



1.2. Development of Modern Theory: Kinetic and 
Stereochemical Studies 

One of the most daring and fruitful ideas born in organic 
chemistry was the suggestion that carbocations might be 
intermediates in reactions that start from nonionic reac- 
tants and lead to nonionic covalcnt products. It was Metr- 
*>ein (iii who in 1922, while studying the kinetics of the 
rearrangement of camphene hydrochloride to isobornyl 
chloride, reported the important observation that the reac- 
tion rate increased in a general way with the dielectric 
constant of the solvent. Further, he found that metal chlo- 
rides—such as SbCI $ , SnCl 4 , FeCl 3> AIC1 3 , and SbCl^ (but 
not BCI 3 or SiCtJ. us well as dry HO— which promote 
the ionization of triphcnylmethyi chloride by formation 
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of ionized c mplexes, considerably accelerate the re- 
arrangement of camphene hydrochloride. Metrwein con- 
cluded ihac the conversion of camphene hydrochloride 
into isobomyl chloride actually does not proceed by way 
of migration of the chlorine atom but by a rearrangement 
of a cationic intermediate. Thus the modern concept of 
carbocations was born. 

In England, starting in the late \920\ Ingotd and Hughes 
et ai carried out detailed kinetic investigations on what 
later became known as nucleophilic substitution at 
saturated carbon and on polar elimination reactions 1141 , 
The well-known work relating to S N 1 and later to El 
reactions esca Wished the carbocation concept. In a 
scries of papers from 1932 onwards Whimow llS) extended 
Metrwtiti's rearrangement theory to many organic chemi- 
cal reactions. 

Kinetic and stereochemical evidence helped to establish 
the role played by carbocations in organic reactions. Gener- 
ally, however, they were considered only as very short 
lived species and could not be directly detected by physical 
means. 



1.3. Observation of Stable, Long-lived Ions 

The transient nature of carbocations in chemical reactions 
arises from their extreme reactivity with nucieophiles. By 
the use of highly acidic and very weakly nucleophilic sol- 
vents, it is possible to prevent reactions leading to cova(ent 
products; in the last decade or so it has been possible 
in this way to observe a wide range of stable, long-lived 
carbocations. 
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electrical conductivity of aluminum chloride in alkyl chlo- 
rides^ and of alkyl fluorides in boron trifluoride 1191 , as 
well as the effect of ethyl bromide on the dipolc moment 
of aluminum bromide' 20 '. However* in no case has a well- 
defined, stable ionic salt or complex been established, even 
at very low temperatures. 

Rosenbaum and Symons nl] recorded the electronic spectra 
of alcohols and olefins in sulfuric acid. They observed, 
for a number ol simple aliphatic alcohols and olefins, 
absorption maxima around 290 nm which they ascribed 
to the corresponding aJkyJcarbenium ions. 

Later, Finch and Symons {:tl] reinvestigated the absorption 
of aliphatic alcohols and olefins in sulfuric acid, and showed 
that the condensation products formed with acetic acid 
(used as solvent for the precursor alcohols and olefins) 
were responsible for the spectra* not the simple alkylcar- 
benium ions. Protonated mesityl oxide was identified as 
the species responsible for the absorption at 290 nm in 
the isobutylcne/acetic acid/sulfuric add system. 

Deno et a/. 1331 carried out an extensive study of the fate 
of alkyl cations in H 2 S0 4 and oleum. They found that 
equal amounts of a mixture of saturated hydrocarbons 
(C 4 to Ci fl ) that are insoluble in H 3 SO A and a mixture 
.of cyclopentcnyl cations (C* to C 20 ) that are soluble in 
the H 2 SCL layer are formed. Cyclopentcnyl cations exhibit 
strong ultraviolet absorption at about 300 nm. 

It must be concluded, therefore, that earlier attempts to 
prove the existence of stable, well-defined alkylcarbenium 
ions were unsuccessful, both in experiments with sulfuric 
acid solutions as well as with systems from alkyl halides 
and Lewis acid halides. 
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2. Preparation and Structure of Stable Trivalem Car- 
benium Ions 

2.1. Alky Icarbenium Ions 

2.1.1. Early Unsuccessful experiments 

Simple alkylcarbenium ions were, until recently, considered 
only as transient entities™ and their existence has been 
inferred from studies on the course of certain reactions. 
No reliable physics] or chemical method other than that 
of electron impact measurements were known for the detec- 
tion of simple alkylcarbenium ions. The formation of 
organic cations in the gaseous phase by electron bombard- 
ment of alkanes, haloaJJcanes, and oiher precursors has 
been widely investigated by mass spectrometry 1161 . An ana- 
logous direct observation of carbenjum ions in solution 
has not been achieved. 

Observation of alkylcarbenium ions (trivalent alkyl 
cations) such as the trimethylcarbenium ion (tm-butyl 
cation) (CH 3 bC* or thedimethylcarbenium ion (isopropyl 
cation)(CH 3 ) 2 CH* has thus been a longstanding challenge 
for many research workers. The occurrence of alkylcar- 
benium ions in systems of alkyl halides and Lewis acid 
haiides has been inferred from a variety of observations, 
such as those of vapor pressure depressions of CH^Cl 
aR d C 2 H 3 G in the presence of gallium chloride" 71 , the 



2.1.1 Preparation of Carbenium Ions from Alkyl Fluorides 
in Solutions Containing Antimony Pentafluoride 

In 1962 we reported the first direct observation of stable 
alkylcarbenium ions in solution' 24 * 26 K We obtained the 
trimethylcarbenium ion (fwr-butyl cation) when rfrr-butyl 
fluoride was dissolved in excess antimony pentafluoride, 
which served both us Lewis acid and solvent. Later the 
counferion was found to be, under these conditions, pri- 
marily the dimeric anion Sb a F;V 271 : whereas in SbF 3 — 
S0 2 or SbF 5 — $0 2 GF solutions, both SbF; and Sb 2 F; { 
were found. 

tCH^CF + (SbF,), - CCHikC*Sb s Kfi 

The possibility of obtaining stable alkylcarbenium fluoro- 
antimonate salts from alkyl fluorides (and subsequently 
other halides) in antimony pentafluoride solution (neat 
or diluted with sulfur dioxide, sulfuryl chloride fluoride, 
or sulfuryl fluoride)or in other superacids 1 281 [particularly 
FS0 3 H-SbF, (magic acid®' 2 * 1 ), HF— SbF j( (luoroanii- 
monic acid, see subsequent discussion) was investigated 
in detail, our studies extending to all isomeric C 3> C 4 
and C$ alkyl fluorides, as well to a number of higher 
alkyl halides. 

Propyl, butyl and penty] fluorides in excess antimony 
pentafluoride gave the isopropyl (J), /t?rt-butyl (21 and 
tert-zmyl c&tions (3) (as their fluoroanrimonates). 
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ferr-buiyl cation. This shift difference is much smaller than 
the 17ppm found in the case of the related alkanes, 
although the shift observed is in the same direction. 

It should, however, be pointed out that other factors than 
electron density can also affect the chemical shifts; thus 
no quantitative conclusion relating to charge densities can 
be established from the NMR data. 



in the wrf-butyl cation, than on the carbenium center 
of the isopropyl cation (naturally, this relates only to the 
gas phase). 

It is difficult to interpret the observed large deshietdings 
and coupling-constant values in any way other than as 
a direct proof that (i) the central carbon atoms involved 
in the carbenium ion arc sp 2 -hybridized, and (ii) that. 



Tabic 1. Characteristic NMR parameters of alkylcarbenium ion* in SbF 3 — SOjClF solution ni - 70 "C 

loo 1 H-NMR (t [p P m]) » 3 C-NMR (S [ppm]) 

CH* J 9C h JeecH «-CH a ct-CHj p-CH> C» a-CHi 

tCHj)jCH* 13 169 3.3 4.5 -125.0 13ZS 

0) 

(CH>JjC* 3.6 4,15 -13*4 146.3 
(2) 

(CHjljC^H, 4.5 4.1 1.94 -IJ9.2 150.1 
(3) 

HjCC^lC^,), 4.44 4.16 1.11 -139.4 I50.B 

io 




» 132.0 ppm l3 CH 3 



! 

nrwp -125,0 ppm W 

Fig. J. 25-MHt ' 3 <MNDOR spectrum [30a] of the isopropyl cation. The 
spacira were obtained at -20*C by monitoring ibe signal intensity or 
ihc ,S C saiclliies shown in Figure 2 white sweeping the irradiating fre- 
quency. The peaks observed are the result of splitting of the satellite 
du« to tickling" of connected °C transitions. Figure 3a showa the 
quartet corresponding to the methyl U C and Figure 3b the doublet 
from the methine iJ C. The latter spectrum was obtained from the low-field 
"C satellite in the proton spectrum. The low-field U C transition is 
connected regrcwlvcly und the high-field 1 >C transition connected pro- 
gfcs»ive|y io ^is transition leading to the observed asymmetry of iha 
C-INDOR spectrum. This asymmetry is particularly apparent in C- 
INDOR spectra obtained using a low-amplitude "tickling" field. 



The total shielding constant a for a particular nucleus 
can be regarded as the sum of three terms 

a ■ <Jj + a, + c 

where o d is the diamagnelic term, <j p the paramagnetic 
term, and a' the term arising from neighboring groups. 
For a carbon nucleus the dominant paramagnetic contribu- 
tion is affected principally by charge polarization, variation 
in bond order, and the average excitation energy. The 
relative significance of each factor must be considered. 

It is interesting to note that theoretical calculations indicate 
higher positive charge density on the carbenium center 



at the same time; the carbon atom carries a substantial 
positive charge. 

Table i lists the parameters of the l H- and l3 C-NMR 
spectra of the cationic centers of a few secondary and 
tertiary carbenium ions. The main points to be noted 
are the downfield chemical shifts (SuJ which point to 
extensive positive character and the coupling constants 
(J C h) indicative of sp 2 -hybridization. 

When the isopropyl cation was generated from 50%- 
labclcd [2- i3 C]-2<hloropropane by dissolution in 
S0 2 C1F— SbF* at - 60 °C, equilibration of the ,3 C labeling 
occurred with a half-life of 1 hour; after several hours 
the n C labeling was distributed equally among the three 
carbons ("scrambling 1 "). This observation suggests involve- 



H 3 C n 
H 3 c'* 



H 



H 3 C, 



H 3 C 



,CH CH 



mem of protonated cyclopropancs in the carbon scram- 
bling process (see below). Similar scrambling was observed 
in the seobutyl and ferr-amyl cations (Saundersf* 

2.1 A Infrared and Raman Spectra 

Infrared and Raman spectra of the stable alkylcarbenium 
ions were also recorded 125 * 321 and are in complete agree- 
ment with the carbenium structure of the ions. The IR 
spectra of these ions and of their deuterated analogs corres- 
pond to the spectra predicted by calculations based on 
selected molecular models and force constants. Thus, vibra- 
tional spectra can also be used in the identification of 
stable carbenium ions. 

Laser Raman spectroscopy is another powerful tool in 
the study of carbocations. Since Raman spectra give valu- 
able information on symmetry, these spectra help to estab- 
lish in detail the structures of the ions and their configura- 
tions. Raman spectroscopic data provide strong evidence, 
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for example, that the trimethylcarbenium ion in magic 
acid ,39, prefers a conformation leading to overall C Jv point 
group symmetry (Table 2). Thus, the C(CHj) 3 ion possesses 
a planar C r (C 3 ) carbon skeleton with one hydrogen 



tions at -60°C showed no absorption maxima above 
210 nm. In view of this observation, it is highly probable 
that previous claims relating to a 290nm absorption of 
alcohols and olefins in sulfuric acid solutions were due 



Table 2. Raman and fft frequencies of the ferr-butyl cation and [Do ]-f err- butyl cation and their correlation with (hose of (CHj),B and (CDj)jBt 



Specie* Frequency of vibration [cm" '] 





v,. v,.. v.. v t * 


v : . v fl 






*M v, 




v« 






(CH^C* 

(2) 
(CH^B 

(CD),B 


2947 


2850 


1450 




1295 


667 




347 


306 


2975 
2197 
2230 


2875 
2090 
2165 


1060 1440 
1075 
1033 


1300 
1018 


H50 m 

980 
1205 


866 675 
720 
620 


973 (486?) 
870 


336 [o] 
347 

(289) [b] 


320 
300 

(276) [b] 



[a] IR frequency. 

[b] Calculated, 



atom of each CHj group above (he plane of the carbon 
atoms. The other two hydrogen atoms arc arranged sym- 
metrically below this plane to the right and left of the C 3 
axis. Raman spectra observed for the rert-amyl cation 
(dimcthylethylcarbcnium ion), the pcntamethylethyl cation 
(dimcthyl-rerf-butylcarbenium ion), and the dimcthyliso- 
propylcarbeniutn ion also show similar structure (Fig. 4). 
Raman and IR spectroscopic studies thus provide, in addi- 
tion to l3 C-NMR data, direct evidence for the planar 
(or near planar) carbenium center of alkylcarbenium ions. 



to condensation products or cyclic allylic ions and not 
to the simple alkylcarbenium ions^. J 

2.1.6. ESC A Spectra 

ESCA spectroscopy' 3 5 * is an extremely useful method 
for the investigation of carbocations* 36 *. Within such mole- 
cules the positive charge is generally unequally distributed 
over different atoms of the carbon skeleton. Consequently, 
the core electrons of these atoms are differently screened 
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300D 2303 ?W 2200 7.100 tW l&QO &00 1100 1300 1200 1100 1000 900 JM 700 600 503 100 300 200 100 5" 
Fig. 4, Schemmic representation of Raman spectra of aikyl cations 



Evidence for planarity or near planarity of the sp* center 
of trivalent alkylcarbenium ions thus comes from the com- 
bined results of NMR ('H and 13 C), IR. and Raman spec- 
troscopy 130 - 3 2 >. 

2.1.5. UV Spectra 

The observation of stable alkylcarbenium ions in antimony 
pentafluoridc and related superacid solutions also opened 
up the possibility of investigating the UV and visible spectra 
of such solutions. Waack, Pittman, and / reported! 35 ' that 
solutions of alkylcarbenium ions in FSOjH— SbF 5 solu- 



and show increasing binding energies with increasing posi- 
tive charge on the C Moms. With correspondingly )arge 
positive charge on the carbocationic center the energy 
differences are large enough to give rise to separate Is-levcl 
photoclcctron lines, 

In contrast measurements of carbon Is electron binding 
energies in several hydrocarbons yielded a rather narrow 
range of chemical shifts. For instance, one cannot dis- 
tinguish between Ihe carbon atoms of ncopcniane and 
those of benzene. Tor their Is binding energies are virtually 
the same (290.4 cV). Ethane (290.6 eV). ethylene (290.7 
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cV), and acetylene (291.2 eV) carbon Is binding energy 
differences arc well below the presently attatnaWe resolu- 
tion with ESCA measurements. 

These results arc in agreement with theoretical expecta- 
tions. Core electrons are barely affected unless their screen- 
ing against nuclear attraction is modified by a significant 
change in the outer (valence) electron shell. In other words, 
core electron binding energies are mainly dependent on 
the formal charge of the corresponding atom and on the 
electronegativity of attached atoms or groups of atoms. 
The fact that such factors are minimal in hydrocarbons 
accounts for the snrnll differences described above. 

Since BSC A spectroscopy is a 'surface' method the record- 
ing of the spectra of the carbenium ions was carried out 
on frozen superacid solutions or on isolated salts; chey 
were recorded at liquid nitrogen temperature* J6) . 

The binding energies E b (defined as differences between 
the Fermi level and the Is atomic level energies) arc given 
by the equation 

•» £p>* - 

where £„ v is the energy of the exciting radiation [e.g. 
Al* 8 X-rays), E m is the measured kinetic energy of the 
phoioejected electron, and is rhe specrromerer work 
function (the energy necessary to bring the electron from 
the Fermi level to the free-electron levcR The Is-electron 
spectrum (ESCA spectrum) of the r*rr-butyl cation is shown 
in Figure 5. 




SHED 



Fig. 5. Carbon Is electron spccirum lESCM of the rrr/.buiyl caiion 
tS>. binding energy. £ kf< ,»kinelic energy. 

The upper trace in Figure 5 exhibits two clearly separated 
peaks with a separation of d£ h * c . c = 4 + 0.2 eV. The lower 
trace represents the result given by a curve resolver. The 
peak area ratio is 1:3. 



The experimentally determined carbon Is binding energy 
diiTerence between the carbenium ion center and the 
remaining three carbon atoms lies within the limit of 
that predicted by ab initio quantum mechanical calcula- 
tions (4.45 eV). Comparable results were obtained in experi- 
ments carried out in collaboration with Mateescu on a 
series of other alkylcarbenium ions, such as the rerf-amyl 
cation (3) (d£ 6 +c-c=4±<UeV), 

2.1.7. Preparation of Carbenium Ions from Other 
Precursors 

Alkylcarbenium ions can be formed not only from halides 
(the earlier investigation of generation from alkyl fluorides 
was later extended to alkyi chlorides, bromides, and even 
iodides) but also from other precursors such as olefins 
in superacids like HF-SbF 3 and FSO,H— SbF 5 |3r3B l 



RCH-CH, 



FBO>H-BbF, 



RCH-CH 3 



Tertiary and reactive secondary alcohols in superacids 
like FSOjH-SbF, (magic acid*i 29 y j4 >, FS0 3 H, and 
SbFj— S0 2 — (S0 2 C1F) also ionize to the corresponding 
stable carbenium ions 13 ". The generation of alkylcar- 
benium ions from alcohols indicates the great advantages 
of increasing acidity and of using acid systems with low 
freezing points. Deno l33] showed that the use of sulfuric 
acid and oleum results in formation of cyclizcd ally lie 
ions from simple aliphatic alcohols. If the extremely strong 
acid FSOjH— SbF 5 Cmagicacid" fl> ) is used these alcohols 
can be ionized to the corresponding tertiary and secondary 
alkylcarbenium ions without further rearrangements tak- 
ing place. 



(CK s ),C-OH 



(CHj) 3 C© 



Primary and less reactive secondary alcohols are pro- 
tonated in FSOjH— SbF 3 solution at low temperatures 
(-60°C) and show very slow or no proton exchange 
with the superacid (d0 l 



H,C -CHj-CHjOH 



HjC-CHa-CHjOHi 



i 

OH 



Temperature-dependence studies of the NMR spectra 
allow the kinetics of dehydration of prolonated alcohols 
to the corresponding carbenium ions to be followed 1 * 11 . 



H,C-CH 3 -CH 2 -CH a OH 



FSO 4 H-SbP,-S0 



H 3 C-CH 2 -CH 2 -CH a OH 2 
4. h®> 



(H,C-CH 2 -CriVCH a <3) 

i 

(CH,),C© 
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Anrimony pentafluoride itself (neat or in SO2 or S0 2 C!F 
solution) ionizesalcohols smoothly to alkylcarbenium ions. 

R-OH ^ R*SbF s OH e 

Wc have found that difficulties in the ionization of primary 
(and less reactive secondary) alcohols at low temperatures 
can be overcome, in some cases, if the alcohols are first 
convened with thionyl halides or carbonyl halides into 
the corresponding halofonnates (S) or halosulfites (6), 
which then readily ionize in SbF 5 — S0 2 solution and lose 
C0 2 or S0 2 (fragmentation ionization) 1 ^* < * ,t . 



ROH ^ RO-5-X H^ShF^* CO, 

0 

II 

RO-S-X 



ROH 



SOX 3 



SbFj-SOj 



R©SbF B X 0 + S0 2 
X « Cl, F 



Aliphatic ethers such as (7) are protonated in strong 
acids, and subsequently cleaved (at higher temperatures) 
to alkylcarbenium ions' 431 . 

HsC-O-CHa-CHj-CHj-CH, 
(7) j 

HaC-^-CHt-CHj-dHj-CHj 
HjCOH 2 + (H 3 C-CH 2 -CH 2 -CH, e J (CH 3 ) 3 C© 



The protonation and subsequent ionization of mercaptans 
(thiols) and sulfides have been studied in a similar way 1 * 41 . 

Superacids such as FSOjH— SbF 5 act as very effective 
hydrogen abstracting agents, allowing the generation of 
carbocations from saturated hydrocarbons 1451 . 



H 3 OCH-CH a 
CH, 



FSQjH-flfaF, 
80:C IP 



(ClUhC + H a 



Antimony pentafluoride itself (without addition of FSOjH 
or HF) also ionizes alkanes to the corresponding alkylcar- 
benium ions. Since SbF 5 always contains traces of HF, how- 
ever, it is questionable whether the reaction is effected 
by the Lewis acid itself. 

Carbenium ions can also be generated by decarbonylation 
of teri-alkyloxocarbcnium ions, such as the wrr-butyl- 
oxocarbenium ion (pivaloyl cation) (8) l26 \ 

tCH>hCCCF + SbF, *± (C«3) s CC0®SbF a © 

« 1. 

(CHjJjC^ShF,, 0 4 CO 

This reaction corresponds to the reverse of the Koch-Haaf 
acid synthesis, which is known to involve reaction of car- 



benium ions with carbon monoxide. Indeed, the pivaloyl 
cation can be obtained by reaction of the tertiary butyl 
cation with carbon monoxide* 26 - 410 . 

Thiols and thiocsters (sulfides)* like their oxygen analogs, 
can also be used as starting substances for preparation 
of alkylcarbenium ions* 47 *; their ionization in superacid* 
generally necessitates more forcing conditions (higher tem- 
peratures). S-Alkyl halothioforraates (9) also form car- 
benium ions via fragmentation ionization 1481 . 



RSH 

9 

RS-C-Cl(F) 

m 



SbF, oi 



R®SbF B SH° 



*" V *° :Cir » R©SbF,ClO(F) + COS 



Amines also can be used as precursors for the generation 
of aJkyJcarbcnium ions. The classical method of deamina- 
tive formation of carbenium ions involves some type of 
diazotization reaction producing an equimolar amount 
of water. 



RNH 2 



[RNj®] ^ R + N 2 



This difficulty can be overcome by first converting the 
amine into the corresponding sulfinylamine (10) or iso- 
cyanate f/j), which is then reacted with stable nitrosyl 
(NO*) salts to give the related carbenium ion with evolu- 
tion of N 2 and SO, (or CO,) instead of water 140 



RNH 2 



ROCU 



COCL 



RNSO •»■ NO®SbF 6 ° — R®SbF fi ° + N a + S0 2 
(10) 



RNHj ^ RNCO + NO^bF 6 G R©SbF 8 a + N a + C0 2 

rm 

2.1.8. Preparation of Alkylcarbenium Ions in Superacids 
Not Containing Antimony Pentafluoride 

Whereas superacids (such as HF— SbF 5 , FSO.,H— SbF. v 
CF3SO3H— SbF 5 etc.) containing antimony pentafluoride 
are the preferred solvents for obtaining stable alkylcar- 
benium ions, other superacids such as HF— BFj. 
HF— TaF 5 or Quorosulfuric acid can, on occasions, also 
be used successfully. The stability of carbocations— with 
exception of tertiary ions— in these solvents is, however, 
generally lower. 

22. Cyclopropylcarbenium ions 

Solvolysis studies carried out by Robert5 [50] and Hart [$n 
showed both the unusual stability of cyclopropylcarbenium 
ions and the facility with which such ions rearrange, 

Cyclopropyl groups bound to the carbocation center have 
a strong stabilizing effect and effectively dclocalize charge. 
The direct observation of cyclopropylcarbenium ions by 
NMR spectroscopy provides clear indication of charge 
derealization. 
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The first cyclopropylcarbenium ion observed directly was 
the tricyclopropylcarbenium ion (12) l52 l Its NMR spec- 
trum in H 2 S0 4 consists of a single sharp line at 6=2.26. 
In the 300 MHz spectrum of a solution in SbF 5 — S0 2 CJF, 
however, the signals of the methine and methylene cyclo- 
propyl protons are well resolved 1331 (Fig. 6a). 




02) (13) 



a b 




J— 1 J L t I 

4 3 9 8 4 3 

G3JQJ — ff (ppm] 

Fig. 6. u) 300-MH2 'H-NMR *pectrum of ihc iricyclopropytorbenium 
ion f i2); b) 60-MH* 'H-NMR spectrum of the dicyclopropylcAfbertium 



Pir/ma/i ,34, and / have observed several tertiary and second- 
ary cyclopropylcarbenium ions, such as the dicyclopropyl- 
carbenium ion ( 13) (Fig. 6b). The solvent used was usually 
SbFj— SO, or FSOjH— SbF 5 — S0 2 . The ring protons 
arc resolved in the NMR spectrum of each of these ions. 
Most interesting of these ions is the dimcthylcyclopropyl- 
carbenium ion (14) (Fig. 7). The two methyl groups are 
non-equivalent and are separated by 0.54 ppm. Since in 
uncharged systems the hydrogens lying in the face of the 
cyclopropane ring experience an upfieJd shift of 0.3 to 
0.5 ppm, we concluded that the cyclopropane ring lies in 
a plane perpendicular to the plane of the dirncthylcar- 
benium ion center (bisected form). 

The plane of the cyclopropane ring lies parallel to the axis 
of the vacant p orbital of the carbenium carbon atom, 
'n this configuration, one methyl group is cis to the cyclo- 
propane ring and the other is trans. The cis methyl group 
now experiences the diamagnetic anisotropy of the cyclo- 
propane ring; this accounts for its observed position 
0.54 p pm afield from the trans methyl group. The methyl 
b *nds do not coalesce at -30°C. at which temperature 




mfflZJ - — ff Cppm] 

Fig. 7. 100-MHz 'H-NMR spectrum of ihe dimethylcyclopropylcar* 
benium ion 1 14), 



ring opening takes place in FS0 3 H— SbF s solution and 
the ion undergoes subsequent decomposition reactions. 
This shows that the cyclopropane ring does not. rotate 
at this temperature, and that the rotational barrier is at 
least 10 kilocalories per mo). Recently, Kabakoff and 
Namanworth 1 ***! succeeded, using double resonance 
experiments, in determining the barrier as 13.7 kcal/mol 
(in SbF 5 -S0 2 CIF). 

In contrast to the "classical" tertiary and secondary cyclo- 
propylcarbenium ions / 12 ) — ( 14) (showing of course sub- 
stantial charge derealization over the cyclopropane ring 
but maintaining the identity of the trivalcnt ions), primary 
cyclopropylmethyl cations show entirely different non-clas- 
sical carbonium ion character (see Section 3). 



13. Alkenyl Cations 

A large number of alkenyl cations has been directly 
observed, particularly by Deno and Richey liyii \ So- 
rensen^K and OMi< 57, and their co-workers. Deno reviewed 
the chemistry of these ions 1331 and the number of known 
examples has since then increased substantially. Cations 
of the allylic type are particularly stable. Representative 
tx&mplcs which have been observed are the ions (15) 
to (25). 

H 3 C^^CHa HaC-^CH, 
(H) (16) (17) 
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(21) 



(22) 



The opening of halocyclopropaaes with the formation 
of ally! cations such as (IS) has also been investigat- 
ed (s *~ 6n . 



F30,H-SbF 5 



HjC-^^CH, 



Protonation of certain allenes also leads to ally] cations 
which arc otherwise difficult to obtain from allylic precur- 
sors' 63 ' 631 . 



HjC 



CH a 



(26) 



IA. Alkadieoyl and Polyenyl Cations 

0erio, Richey\ and their co-workers' 23 * have investigated 
a substantial number of alkadienyl and polyenylic cations. 
Sorensen [ * M has reported the observation of the divinyl- 
(27) and trivinylcarbonium ions (28). 



(27) 



(28) 




Doeriny and Saunders described the very stable hepta^ 
methylbenzenium ion (29) v *\ 

H 3 C V? 4 V .CH3 

H 3 C CH, . (29) 

Figures 8, 9, and 10 show the 'H-NMR spectra of the 
p-toluenium ion (30) l69 \ the naphthalenium ion (3I) tJl] 
and the anthracenium ion (32) r2] as representative 
examples of arenium ions {which are also of importance 
as intermediates, usually called o-complexes, in elect jophii- 
ic aromatic substitutions). 



H K 

CH S 

(30) 



H H 



(3D 



(32) 





8 6 L 

— [ppn»3 



Pig. 8. 60-MHz 'H-NMR jpecirum of the p-ioluenium ion (30) u 



AUtenyl cations show a substantial tendency to cycuae 
to the more stable cyclic allylic ions such as (18) and 
its isomers (18 ah Pittman, Sorensen, and / were able to 
follow these cyclizations by NMR spectroscopy 1631 . 




3.5.6.7.81 




10 9 



S 7 5 
S(ppn) 



2.5. Arenium Ions 



Fig, 9. 100-MHz l H-NMR *pecirum of the ruphihaienium ion (31) 
n -90'C ' 



Even the parent benzenium ion (C 6 HJ) (33) has been 
observed 173 *, as have also the isomeric monoalkylbcn- 
zenium ions» t7t,74) and most di-, tri-, tetra- and pentaalkyl 



Cycloalkadienyl cations, particularly cycJohexadienyl 
cations (ben2enium ions), show remarkable stability. They 
can be obtained by protonation of aromatic hydrocarbons 
by strong acids* 66 " 651 and studied advantageously by 'H- 
or ,3 C-MMR spectroscopy 




HH HH HH HH HH 

(33) (30) (34) (33) (36) 
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and halobenzenium ions 1 * 741 . Some representative ions arc 
16. Cycloalkyl Cations 

Tertiary cycloalkyl cations, like the 1 -methyl- 1 -cyclopcntyl 
cation (37) t show high stability in superacid solutions. 
The ion (37) can be obtained from a variety of starting 
substances 1731 . 



8 7 
- — Cppm] 





9-0 e.S 
— - -G CopnO 



4.5 2.7 




30Hz 



— — Cppm] 



8.5 



FI& 10. (a) 100-MHz 'H-NMR spectrum f-55'C) of anthracene in 
c 6^ a and (b) of the anthraccmum ion (32), B=C <l H a : (c) pan of (b): 
W) firei order pattern of iho 300-MHz 'H-NMK Spectrum of ihe anthra- 
ctniuro ion. 




U 10 2.0 



Fig. tt. 60-MHz 'H.NMR spectrum of the 1-mcthyl-l -cyclopcntyl cation 
(37) at -60°C. 



It is wonhwhiJe mentioning that not onJy cyclopcntyl 
but also cyclohexyl compounds give the 1-mcthyl-l- 
cydopentyl cation. This indicates that the tertiary mcthyl- 
cydopentyl cation is more stable than the secondary 
cyclohexyl cation, from which it is formed by isomerization. 

The cyclopcntyl cation shows in its proton magnetic 
resonance spectrum in SbF 5 — S0 2 C1F solution, even at 
lOO°C,only a single absorption line at 5=4.68 ,i8 ' 731 . This 
observation indicates a completely degenerate ion in which 
there are only low energy barriers to the consecutive 
secondary-secondary hydrogen shifts (see below). 

The secondary cydoburyJ cation undergoes immediate 
rearrangement via cr-bond derealization into the equili- 
brating non-classical cyclopropylmethyl i n system 1761 
(see Section 3,4). Similar behavior is also observed with 
the 1-methylcydobutyl cation. The 1-phenylcyclobutyl 
cation (BS) (Fig. 12) on the other hand is a classical 
tertiary carbenium ion £76 l 
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10. 



and halobenzenium ions t74) . Some representative ions are 
(34)-(36). 

2i. Cycloalkyl Cations 

Tertiary cycloalkyl cations, Like the 1-methyM-cyclopentyl 
cation (37) t show high stability in superacid solutions. 
The ion (37) can be obtained from a variety of starting 
substances 1751 . 



8 7 
- — G [ppm] 




Q-CH 3 C1 




9.0 



— S Cop*] 




3QHz 



— o" CppnO 



8.5 



Pig. 10. (a) 100-MH* 'H-NMR spectrum (-55X) of anthracene in 
C«D fl (b) of the anthraccnium ion (32 ) t B=C«H 4 : (c) pin of (b): 
Id) flnii ordor pattern of iho 300-MHz l H-NMR spectrum of ihe anthra- 
ccnium ion. 




5 I 0 i.0 3.0 2.0 



Fig. 11. 60*MHz 'H-NMR spectrum of the 1-mcthyM cyclopcntyl cation 
fJ7;at-60°C. 



It is worthwhile mentioning that not only cyclopcntyl 
but also cydohexyl compounds give the 1-mcthyl-l- 
cyciopentyl cation. This indicates that the tertiary methyl- 
cyclopemyl cation is more stable than the secondary 
cydohexyl cation, from which it is formed by isomerization. 

The cyclopcntyl cation shows in its proton magnetic 
resonance spectrum in SbF $ — S0 2 C1F solution, even at 
100°C only a single absorption line at 5 =4.68< i8, 72] . This 
observation indicates a completely degenerate ion in which 
there are only low energy barriers to the consecutive 
secondary-secondary hydrogen shifts (see below). 

The secondary cyclobuty! cation undergoes immediate 
rearrangement via cr-bond derealization into the equili- 
brating non-classical cyclopropylmcthyl ion system 1761 
(see Section 3.4). Similar behavior is also observed with 
the i-methylcycJobutyl cation. The 1-phenylcyclobutyl 
cation (38) (Fig. 12) on the other hand is a classical 
tertiary carbenium ion n<5> . 
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and halobenzeoium ions [74) . Some representative ions arc 
(34)— (361 

2j6. Cydoalkyl Cnrions 

Tertiary cycloalkyi cations, like the 1 -met hyi-1 -cyclopcntyl 
cation (37), show high stability in superacid solutions. 
The ion (37) can be obtained from a variety of starting 
substances 1731 . 





'-7- 'liS. 1.8. :•••*. ••• 3.6 




'iZ — : 

t6. {a; lOO^MHi 'H-NMR spectrum (-55 'C) of anthracene in 
c *D a and (b) of the anthraccmum ion (32), B=C a H 4 ; (c) pan of (b): 
Id) firm o^^r pauarh of the 300-MHz 'H-NMR specuum of «he onthrn> 
" senium ion, 




s!o Co 35 "to" 



Fig. t1. 60-MHz 1 H-NMR spectrum of the t -met hyl-t-cyd open tyl cation 
(37) at -60°C. 

It is worthwhile mentioning that not only cyclopcntyl 
but also cydohexyl compounds give the 1-mcthyl-l- 
cyclopentyl cation. This indicates that the tertiary mcthyl- 
cydopentyl cation is more stable than the secondary 
cydohexyl cation, from which it is formed by isomerizaiion. 

The cyclopcntyl cation shows in its proton magnetic 
resonance spectrum in SbF $ — S0 2 C1F solution, even at 
100 °C only a single absorption line at 5=4.68 I38 ni . This 
observation indicates a completely degenerate ton in which 
there are only low energy barriers to the consecutive 
secondary-secondary hydrogen shifts (see below). 

The secondary cycJobuty] cation undergoes immediate 
rearrangement via or-bond derealization into the equili- 
brating non-dassical cyclopropylmcthyl i n system 1761 
(sec Section 3.4). Similar behavior is also observed with 
the l-methylcydobutyl cation. The 1-phenylcyclobuiyl 
cation (38) (Fig. 12) on the other hand is a classical 
ternary carbenmm ion p *l 
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9 8 1 3 2 



i a mm — fftppm] 

Fig. 11 60-MHz 'H-NMR spectrum of the t- phenyl- 1 -cyclobutyi cation 



2.7. Bridgehead Carbenium Ions 

Bredfs rule in ils original form (,7J seems to exclude the 
possibility of formation of positive carbenium ion centers 
at bridgehead carbon atoms of bicycloalkanes. Indeed, 
bridgehead halides, such as apocamphyl chloride, proved 
extremely unreactive under solvolytic conditions'' 81 . How* 
ever. 1 -bromoadamantane very readily gives the bridge- 
head carboxylic acid under the usual conditions of the 
Koch-Haaf acid synthesis 1191 . l-Fluoroadamantane is 
ionized in SbF s to give the stable bridgehead 1-adamantyl 
cation (39) m '* l \ 




(39) 6a 

The 'H-NMR spectrum of the adamamyl cation (39) 
in SbF 5 solution consists of resonances at 6 = 5,42, 5=4.50 
and 5 = 2.67 with peak areas of 3 : 6: 6. The y-CH hydrogens 
are more deshieldcd. ie. have their resonance at a lower 
field, than those of the three 3-CH 2 groups even though 
they are farther from the positive carbon. This could be 
explained by a "cage effect", i.e. the lobe of the empty 
p-orbital overlapping with the backlobes of the three 
bridgehead C— H bonds, causing their deshielding, or by 
o*-it hyperconjugation. 

A similar effect is indicated in the u ONMR spectrum 
of the 1-adamantyl cation (Fig. 13). 

Mateescu. Sipos* Schley er, and / have also observed a 
series of mcthyladamamyl cations 18 The bridgehead 
"congressane" (diadamantane) cation has also been 
observed recently' it likewise shows the cation cage 
effect. Although the bridgehead 1-norbornyl cation could 
not be observed directly, the stable 2-norbomyI cation 
can be obtained from 1-chloronorbornane in SbF 5 — SOa 

164 



Fig. 13. a) 'H-NMR spccirum of ihe l-adamantyl cation ai 60 MHz, 
100 MHz. and 250 MHar: b) FourieMransform ,J C-NMR of the hu<t*- 
maniyl calion (in FSO,H— SbF } ). 

solution 1831 . Thus, ionization to the bridgehead carbenium 
ion must be followed by a fast shift of hydrogen from 
C-2 to C-l. the driving force for which is obviously the 
tendency to relieve strain in the carbenium ion. 

2*8, Aryl and Alkylarylcarbcnium Ions 

The first stable long-lived carbenium ion to be observed 
was the triphcnylcarbenium ion (40) iH *~* si (Fig. 14a). 

6 w 6 

Anyo*. C/irw. inurnat. Edit, / /-> (197)) I No. J 



JUN 24 2003 12: 19 FR BAYER-PGH LIBRARY 412 777 2758 TO 2612 



P. 13/40 



J 




9 6 7 
tf Cppm] 



9 8 7 
6 Cppm] 




9 

g H83S) 



. d" Cppm] 



Fig. 14, iv) 60-MHz 'H-NMR spectrum of the iriphenylcj rhenium ion 
Mf); (irityl cation); b) 60-MHz 'H-NMR spectrum of the diphenylcar- 
benium ion (41) (benihydryl cation); c\ 100-MHz 'H-NMR spectrum 
of the 4.methoj(yphcnylcarbenium ion (p-methonyKeniyl caiion). 



This ion remains the most-investigated carbocation 121 and 
its propcllcr-shaped structure has been established beyond 
doubt. Strong contribution from para (and onho) quin- 
onoidal resonance forms in the ion make it probable that 
these reactive secondary forms contribute strongly to the 
reactivity of the ion. Diphenylcarbenium ions (benzhydryl 
cations) are considerably less stable than their tertiary 
analogs. Although their ultraviolet spectra have been 
obtained in dilute sulfuric acid solutions* 86 ! the benzhydryl 
ion (41) has only recently been observed in higher con- 
centrations in acid solutions (ClS0 3 H' a71 , FS0 3 H< 8a ', 
and FSOjH-SbF, 18 ' 1 ) (Fig. 14b). 




Solutions of mono- and dialkylarylcarbenium ions can 
be readily obtained from the corresponding alcohols, ole- 
fins, or halides in strong acid media such as H2SO4 1801 , 



(42) 



(43) 



(44) 



(45) 



FS0 3 H-SbF5 1891 , CISO3H and FS0 3 H< 8?1 , and 
oleum fff * J . Representative examples of the cations are 
(42)— (45). 

Because of the high stability of the tertiary ions, these 
are preferentially formed in the strong acid systems from 
both tertiary, secondary, and even primary precursors^ 0 *. 




Non-benzylic, tertiary arylalkylcarbenium ions, on the 

other hand, rearrange to secondary, benzylic ions such 
as (46). 

°" - "■§».<£; 

(46) 



CH a -C-CHj 
Ah 3 



KflO.H-MbF, 



Suitable substituent groups (which also prevent transalkyl- 
ations) stabilize even secondary [e.g. (47)1 and primary 
benzyl cations [e.g. (4S) mMX and the />-methoxybenzyl 
cation, Fig. 1 4c]. 



CH3 
(47) 



(4$) 




The observation of benzyl cations in superacid solutions 
was only recently achieved 19 u . Although the unsubstitutcd 
benzyl cation is still elusive, we have observed a number 
of substituted derivatives such as (50)-- (53). 



8h 2 CH a 
CHj (SO) CH, (: 



- H5 



CH, (51) 
H, 



H,CfY CH » H 5 C-|^YCH 3 

OCiU (52) Br (SJ) 
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As NMR studies have shown, in benzyl cations like 
2,4-dimetbyl-6-fer/-biJt>lphenylcarbenium ion (54) a high 
rotational barrier is observed around the HJC— C, bond. 




CH, 



This means that the methylene protons axe magnetically 
non-equivalent ,,aI . Rearrangement of beti2yl cations to 
tropyliurn ions, which is claimed to take place in the 
gas phase (mass spectroscopic measurements) has not been 
observed in acid solution. 

The styryl cation (methylphcnylcarbenium ion) (55 
and a number of substituted methylphenylcarbenium ions 
(56)— (58) 1831 have also been observed. 



H s g^CH 3 H^CH, Hvg^CH, H^g^CH, 




(55) (56) (57) (M) 



2.9. Diearbeoium Ions 



Recently Bollinger, Whitc< and / succeeded in obtaining 
the 1,2,3,4-tctramethylcyclobutadiene dication (60) iio0{ 
and with Mateescu we obtained the bona fide tetraphenyj- 
cyclobutadiene dication 1 10 H *H and i3 C nuclear magnetic 
resonance studies confirmed its structure and the 2n 
electron aromatic nature, which is similar to the cyclopro? 
peniura cations previ usly prepared by Bres/ow 11021 , 

Hart and V0I2 have shown that if two carbenium centers 
are separated by a phenyl ring, then a wide variety of 
di- and iricarbcnium ions such as (61) and (62) can 
bcobtained" 03 -' 041 . 




We have also prepared simple allcyldicarbemura ions £,0S| , 
in which the two carbenium ion centers are separated 
by two or three methylene groups. These ions [(63) and 
(64), Fig. 15] are stable entities in the strongly acidic 
solvent system (SbF 5 — SOj) at low temperature (-60 *C). 

CH, ch, CH, CH 3 

HsC-g-CHj-CHa-g-CH, H,C-g-CH,-CH a -CH 2 -g-CH, 

(6S) " * J (64) 



Earlier reports' 9 * 1 that a dicarbenium ion had been 
obtained from pcniamethyltrichloromethylbcruene have 
turned out to be incorrect. The species in question is 
the benzylic dichloropentamethylphenylcarbenium ion 

rJ9;l 95-97] 



H,C CH, 
H S C-(T>CC! S 
H,C CH, 



n,c ch, 

H S CCH, 



H,C CH, 
H,C- 



HjC CH, 

(S9) 



6 5t3 
- — tf [ppm] 



J LA- 

— 1 1— 1 1 

5 4 3 2 
— ff CppnO 



Fig, 15.60-MHi 'H-NMR spectra of ihe *lkyldiaubcn)um ions, a) (63) 
and b) (64). 



The l,Z3,4-tetraphenylcyclobutadicnc dication has also 
been reported 1 " 1 . However, there is evidence that the ion 
actually observed was only an equilibrating cyclobutenyl 
monocation. X-ray crystallographic investigation of the 
isolated crystalline complex confirm this conclusion*** 1 . 




Dicarbenium ions have also been observed in more rigid 
cage systems, such as the apicalapical diadamantane 
dication f#J< 8,, fFig. 16). 




Br 



(65) (66) 
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I 








3 2 
— 6 [owO 

Fig. 16. lOO-MKi ' H-NMR spectrum of Ibe spiuUplcal diadsnanune 
dicatlon (63) ( ) sod ibe precursor dibromoadamaoi«De (66) ( ). 



(69) 



(70) 



Fluorine has a particular ability to stabilize carbenium 
ions via back-coordination of its unshared electron pairs 
into the vacant p orbital of the carbon atom. Since IQ F 
magnetic resonance offers ait excellent possibility for struc- 
tural investigations of these ions, extensive work was ini- 
tiated 11101 in this regard. The dimethyl- (71) and phenyl- 
mcthylfluorocarbeniuxa ions (72) were inter alia prepared 
and thoroughly investigated 11 



2.10. Aromatically Stabilized Carbenium Ions 

If a carbenium ion is also a Huckeloid aromatic system, 
resonance causes substantial stabilization. The best known 
examples of aromatically stabilized carbenium ions are the 
cycl heptatricnyl cations (67) (tropylium ions) 1106 " 1081 , 
cyclopropenium ions 11021 , and the tetramethyl- and tetra- 
phenylcyclobutenium dications 1100 * l011 . 

H»C V CH 3 



(67) 



(68) 



(60) 



Because of their aromatic character, these ions are highly 
stable. Other examples of aromatically stabilized car- 
benium ions arc also known. 



(71) 



F-CHs 
(72) 




tf-3.83 



1*181.91 

J„ F a25.4 HZ 



Fig. 17. a) 4 H-NMR spectrum of the difnathylfluorocarbenium ion (71) 
at 60 MHr: J„ f =2J.4H*: b) '*F-NMR spectrum of the lame ion at 
56,4 MHz: J Hf = 25.4 Ht 



111. Hrteroatom-Stabilized Carbenium Ions 

In contrast to hydrocarbon cations, heteroatom-su ©sa- 
luted carbenium ions are strongly stabilized by electron 
donation from the non-bonded electron pairs of the hetcro- 
atoms adjacent to the cationic carbon center: 

-X - R,C- X® X - Br, O. N, S, f , CI 

The stabilizing effect is enhanced when two, or even three, 
electron-donating heteroatoms coordinate with the elec- 
tron-deficient carbon atom. 

X-2-X l=c-x ~ x-c=x® 

! I I 

R R R 

; X-<?-X: — X=C-X :X-C=X© :XCX: 

* I X k* 

2.11 Halogen as Heteroatom 

In J 965, Cupas. Comisarow. and / reported the first fluoro- 
carbenium ions 110 * 1 , the phenyldifluorocarbenium ion (69) 
and the diphenyluuorocarbenium ion (70), 



Trifluoromethylcarbenium ions such as (7S) (l121 and per- 
fluorophenylcarbenium ions (74)— (76) lli3 ' 1 UI have 
also been investigated. The trifluorocyclopropenium ion 
(77;< ll$ > is also known. 




(F B c 6 hC© (F 6 C«) 2 8h F fl Cfl-8Hj 

(74) (75) (76) 

Because of the relatively large fluorine resonance shifts, 
anisotropy and ring current effects play a relatively much 
smaller role in "F-NMR spectroscopy than they do in 
the case of proton resonance. Therefore, as is also true 
of ,3 C-NMR spectroscopy, a better correlation between 
charge distribution and chemical shifts can be obtained 
than with 1 H-NMR spectra. 

A scries of chiorocarbenium ions, including phenyldichlo- 
rocarbenium ions such as (59). (78) and (79) 1 **- 9 * 1 * 116 * 
and the perchlorotriphcnylcarbenium ion (80) iin * (Bal- 
tester) have also been described. West observed the per- 
chloroallyl cation (81)^\ 
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H,CCH, CH, 



(78) 



(79) 



Cl«C*g;CCl t 
1 

CI 
(81) 



In our work with DeMembei* i2i] we were able to obtain 
not only ring halonium ions, but also a series of open- 
chain dialkylhalonium ions such as: 



[H.C-t-CH,]" 
[HjC-Br-CH,]® 
[H.,C-CI-CH,]'» 
[(C-H,) : Bf]» 

[(C,H,) a I]» 



[EtCHi),CH]jBrJ* 

[[ICH,),CH].C1]* 

[((CH,l,CH] a t]» 

[(fl-C,H,hI]» 

[(*C*H T ) a Bf]* 



[H,C-l-C a H,]« 
[H 3 C-Bf-C : H,J» • 
(HiC-CI-CHJ* 
[CH.-Cl-CHlCHjh]* 



Comisarow and / observed' 1 191 a series of chloro-, as 
well as bromo- and iodocarbenium ions, and showed the 
general stabilizing ability of halogen attached to carbenium 
ion centers. [See also the fluoro compounds (71) and 
( 72).'] Halpern, Mo, and / were subsequently able to study 
these effects in more detail using ,3 C-NMR spectros- 



copy 



J120) 



Dialkylhalonium fluoroantimonatc salts can be isolated; 
they are versatile, very reactive alkylating agents, surpass- 
ing in many cases the selectivity and utility of Meerwein's 
trialkyloxonium sails. 

113. Oxygen as Hereroatorn j 



HjC-C-CH, 
X 



e 

HjC$-C -CHfl 
X 



X = I. Br. CI. F 



Closely related to the halocarbcnium ions are the halonium 
ions in which the positive charge is to be found predominant- 
ly on the halogen atom. In our work with Bollinger 1 * 11 * 
and Peter$on li32 \ we reported on the three- and five- 
membered haJonium ions of the type (82) and (83). 



Crystalline addition compounds of alcohols, ethers, alde- 
hydes, and ketones with Bronstcd and Lewis acids have 
been known since the middle of the last century. They 
were long considered as unstable "molecular com- 
pounds" 1 llAl . Collie and Tickle* 12 " were the first (1899) 
to assign "oxonium salt* character to the acid complexes, 
i. e. they considered the compounds as containing a tetrava- 
lent oxygen, analogous to the ammonium salts in which 
nitrogen at that time was assumed to be pentavalcnl. 



R R 



(82) 
X * I, Br. CI 
R 3 H or AlJcyl 



(83) 



(82a) 



Illustrative is the 'H-NMR spectrum of propyienebro- 
monium ion (82 a) shown in Fig. 18. 




CK 



j 



8,0 



7.0 



6.0 

- — 6" Cppm] 



-//- 



3.0 



Fig. 18. 'H-NMK Spectrum (a( 60 MHil of the propylenebroraonium 
ion fH3»). Left; Signal of ihc methine protons decoupled. 



Hantzsch tn * ] proved, as early as 1922. that the pyrylium 
salts were clearly ionic. Pyrylium salts react with strong 
nucleophilcs to give phenols. This behavior toward strong 
nucleophiles shows that the carbenium ion form contri- 
butes significantly to charge derealization in pyrylium 
salts. 



CH 3 





(84) 



cio 4 G 



2.13.1. AJkoxy- and Hydroxycarbcnium ions 

Resonance, similar to that in the pyrylium salts, was shown 
by Meerwein [ni1 lo exist between tri- and dialkyloxoniurn 
and alkoxycarbenium ion forms in the fluoroboraies 
obtained by alkylation of ketones, esters, and lactones 
with triraethyl- or iriethyloxonium fluoroboraies, such as 
(S5). 



H 4 C a O 



)>0 + (CjH B ) 3 0®BF^ 



H 5 C,O n a H 5 C a O 

^C--OC,H a J>OC,H B + (C 2 H 5 ) 2 0 

(85) 
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Taft and Ramsey 112111 investigated a scries of secondary 
and tertiary alkoxycarbcnium ions (86) — (88) l H-NMR 
spectroscopicaliy. 



h2: 



pen, 



OCR, 

(86) 



OC a H fl 

(87) 



H,C-C s 
(88) 



y OCH 3 



OCH, 



Bollinger^ 1 ' 1 and / prepared primary alkoxycarbenium 
ions such as the methoxy- and phenoxycarbenium ions 
and their halogenated derivatives, and investigated their 
•H-, l »C% and later l7 0-NMR spectra 

cHjoSh, CH 3 8«CH a 
CH,o8hC1 CH,8=CHC1 
ClCHjO?H a +-+ ClCrij^CHj 
CHaOC?HF CHjO-CHF 
C fi H s O(?H a CBHaS-CHj 



R . CHO W^o^ R . CH= § H 
R a CO — • R^C^H 

Even protonated formaldehyde has been prepared. Pro- 
tonated acetaldehyde was observed in two isomeric forms, 
the proton on oxygen being syn or and to the hydrogen 
of the aldehyde group. 



H^C-C 
eyn t 80% 



H 
> & 
H 

atUi t 20% 



The hydroxycarbenium ion forms of protonated ketones 
and aldehydes (obtained in strong acid solutions) contri- 
bute to the resonance hybrid, the degree of contribution 
of eachfonn being quite accurately estimable by 1 *C~NMR 
spectroscopy 1 li5) . 



R R 



Acidic oxonium ion can be studied particularly well in 
superadd solvent systems. With Sommer and Soman- 
worrh 1 * 11 we showed that primary and secondary alcohols 
arc protonated in FSO^H — SbF s (S0 lt S0 2 ClF) soluiion 
at -60°C, and thai well-resolved NMR spectra of the 
protonated species can be obtained. 

At higher temperatures they cleave to carbenium ions; 
the kinetics of these cleavage reactions could be followed 
by NMR spectroscopy. 

ROH a R© + H ,0® 

Tertiary alcohols (with the exception of the ones containing 
strongly electron-withdrawing group9 like CF 3 ) generally 
dehydrate very fast in the acid media, and the intermediate 
protonated species cannot be observed, even at low temper- 
ature. 

Ethers arc also protonated in superacid media 14 * 1 . 
Ha ° — Z^Z — * r ' 8h 

Once again the subsequent cleavage reactions can, as in 
the case of methyl n-butyl ether (7), be followed by NMR 
spectroscopy. 

H^cScHj^CHj-CHj-CH, 

^cSh, + |H a C-CH 2 -CH a -CH a ®l — (CH^C® 

Aldehydes and ketones are protonated on the carbonyl 
oxygen atom, and in superacid media at low temperatures 
the protonated species can be directly observed 1 lJ0 " lJ< ". 



Carboxylic acids arc protonated in superacid media such 
as FS0 3 H-SbF a -SO a , HF— SbF„ or HF-BF 3 i 13 «l. 

The NMR spectrum of acetic acid in such media at low 
temperatures shows two OH resonances. This indicates 

(i) that protonation of the carbonyl group is favored, and 

(ii) that rotation about the resultant C ^ OH bonds is 
hindered. The predominate conformer observed is the 
syn y anti isomer; but about 5 percent of the synjyn isomer 
has also been observed. 

H a C-CO a H -2— HjC-c|© H H S C-C*» 

' 6 J* 
K K 

syn. anti syn t «yn 

9S7> 5% 

Formic acid is also protonated under the same conditions, 
two conformers being formed in the ratio 2; 1 ; the syn,ant i 
isomer predominates. 

u q A p 

o s b 

H H 
*yn, arui nyn^ syn 

"j V, 

These isomers can be readily identified from the magni- 
tudes of the vicinal coupling constants in the ! H-NMR 
spectrum; thus in the syn y antl isomer, the methine proton 
gives a doublet of doublets (J HH = 15 Hz and 3.5 Hz) while 
in the case of the synjyn isomer a triplet is observed 
(^hh = 3.5Hz). No evidence for the anti,ami isomer has 
been found in either protonated carboxylic acids, esters, 
or their thio analogs. 
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Esters behave in an analogous fashion. Once again the 
oxygen atom of the carbonyl oxygen lakes place. Thus, 
protonated methyl formate is present in FS0 3 H— SbF 5 — 
SO* solution as two isomers in a ratio of 90 to 10 n37) . 



H-C(VCH 3 K-c(f S CH3 



90% 



,0 
H-C&H 
O 



10$ 



By raising the temperature of solutions of protonated car- 
boxylic acids and esters, thcix cleavage reactions can be 
observed. These reactions can be considered within the 
framework of the two ummolecular reaction pathways 
for acid-catalyzed hydrolyses of esters, either involving 
alkyl- or acyl-oxygen cleavage. Studies of these reactions 
in superacid media have the advantage over those carried 
out under the usual solvolytic conditions in that the cleav- 
age step can be isolated and studied in detail, since the 
cleavage products generally do not undergo further reac- 
tion. 

For example, in the case of protonated acetic acid in 
FSO.xH— SbF s — S0 2 solution, a reaction analogous to 
the rate-determining step in the unimolecular cleavage 
of esters is observed; this leads to formation of the acetyl 
cation (89) and the hydronium ion. 



Di-w-butyl carbonate cleaves spontaneously at -80°C. 
Alky l-oxygen fission cakes place giving the tm-butyl cation 
and the pr tonated form of carbonic acid (94), whose 
structure has been established from the iJ C-NMR spec- 
trum (sec Fig. 19). The quartet with a coupling constant 
of 4.5 Hz shows coupling of the carbon to three equivalent 
hydroxyl protons* 1 3 *l. * 



£ipH ±~ )$SQK + 2 (CH 3 ) 5 C 
(CH 8 ) a CO-' HO* 

(94) 




Fig. 19, u C-INDOfc spectrum of the 56% "C-caficbcii protonated 
carbonic acid (94) (irihytlroiycarbenium ion). 

Di-isopropyl and diethyl carbonate cleave at a higher tem- 
perature, also via aikyl-oxygen cleavage, with initial forma- 
tion of the protonated monoalkyl hydrogen carbonates 
(951 which can also be obtained by protonalion of their 
sodium salts. Upon further hearing cleavage takes place to 
give protonated carbonic acid. 



IHsC-COjHjp 



HsC-C B 0 
(89) 



H B 0® 



Unimolecular cleavage in this case corresponds to dehy- 
dration of the acid. In the case of protonated esters, how- 
ever, the cleavage pathway depends on the nature of the 
alkoxy group, as is shown in examples (90)— (92). 



OH 

OCH, H 



(90) 



S OCH(CH s ), S OH 1 

(91) , 1 

txcxyl cations 

N OCCCH 3 ) 5 » 0 OH 
(92) 



Dialky) carbonates have been studied in FS0 3 H— SbF, 
solution and have been shown to be protonated on the 
carbonyl oxygen giving the dialkoxyhydroxycarbenium 
ions (93) llS9 \ 



(93) 



R0 V-?.. A; H0 NV©... A. II© HO v|U 



(95) 

CO™ 

or 

HCOf 



HO 



ho' 



J 



(94) 



>H etc. 



Protonated carbonic acid (94) can also be obtained by 
dissolving inorganic carbonates and hydrogen carbonates 
in FSOjH— SbF 5 at -80*C It is stable in solution to 
about 0*C when it decomposes to the hydronium ion 
and carbon dioxide. Protonated carbon dioxide (C0 2 H + ) 
may be an intermediate. 



co a 2W 
or HC0£> 



(94) 



It is worthwhile to point out the close similarity between 
protonated carbonic acid (94) (the trihydroxycarbenium 
ion) and its nitrogen analog the guanidinium ion. Both 
are highly resonance stabilized through their onium forms. 

The existence of protonated carbonic acid as a stable 
chemical entity with substantia! resonance stabilization 
may have major implications in our understanding of some 
of the more fundamental biological carboxylation pro- 
cesses. Obviously the in vitro observation in specific, highly 
acidic, solvent systems cannot be simply extrapolated to 
different environments (biological systems). However, it 
is possible that on the active receptor sites of enzyme 
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systems (for example, those of the carbonic anhydrase 
type) local hydrogen ion concentration may be very high 
compared with ihe overall "biological pH". In addition, 
on the receptor sites a very fav rablc geometric configura- 
tion may help to stabilize the active species, a factor which 
cannot be reproduced in model systems in vitro. 

2.13.2. Acyl Cations 

In 1943 Seet 11 ** 1 characterized the first stable acyl catioa 
Reaction of acetyl fluoride* with boron trifluoride gave 
a complex (decomposition point 20 J C) which was charac- 
terized as the acetyl tetrafluoroborate salt. 

HjC-COF + BFj H,C-CO*BF? 



Investigation of acyl cations has been extended t the 
study of acyl cation, i.e. cycloacyl cations such as (96) 
to (99) ll **\ unsaturated acyl cations such as (103) to 
(105) {i41 \ and diacyl cations such as (100)— (102)< l **K 



2.14. Sulfur as Heteroatom 

Thiols and sulfides are protonated on sulfur and give, 
in superacid media, the stable mono- and dtalkylsulfonium 
ions respectively^ 71 . ThiocarboxyJic acids. O- and S-alkyl 
thioestcrs. dithioestcrs, and thiocarbonates also form stable 
thiohydroxy or thioalkoxycaxbeniuro ions 11581 . Examples 
are the ions (106)— ( 111). 



The identification was based on analytical data and chemi- 
cal behavior. Only in the 1950*s was further characteriza- 
tion of the complex by physical methods possible, namely 
by infrared and NMR spectroscopy. A series of acyl 
cations 11 * 0 " 1 * 21 (oxocarbenium ions) has been isolated 
and identified. The hexafluoroantimonaie and hexafluoro- 
arsenate complexes were found to be particularly 
stable' J42 >. Deno et at. investigated solutions of carboxylic 
adds in sulfuric acid and oJeum ,l4,, . They observed pro- 
tonation at lower acid concentrations, and dehydration 
to give acyl cations at higher acidities. 



H,SO, 



R-<?=0 + HaO® 



The investigation of acyl cations like the acetyl, propionyl, 
butyryl, isobutyryl, pivaloyl and benzoyl cation was 
substantially helped by NMR studies. Not only *H, but 
also 2 HL t3 C, and l9 F resonance studies established the 
structure of these ions' 142 - The l3 C- and ! H-NMR 
spectra showed thai in the case of acyl cations, such as 
the acetyl cation (89), a resonance hybrid of the oxonium 
ion. oxocarbenium ion, and of the ketene-likc form is 
involved. 

HjC-cso* — h,c-2=o ~ CH,=C*=0 

H® 

Recent x-ray crystallography studies of the CHjCO*— 
SbFj* complex substantiated this suggestion and provided 
convincing evidence for the linear structure of the crystalline 
complex 114 * 1 . 



>*o nr 3 - 0 Cr a "° O* 



(96) 

0<?(CH 2 ) s C«0 
(!00) 



(97) 



(98) 



(99) 



0<?(CH a ) 4 8«0 
(tOt) 



(102) 



OH 

R-C v <0 
SH 

(106) 



OH 
R-C|? 
SR' 

(107) 



.SR 
SR 

(HO) 



SH 

R-cr© 

SR' 
(tOB) 



HS-Ci® 
V SH 



HS"fc-0 
OR 

(109) 



(Ht) 



2.15. Nitrogen as Heteroatom 



Amides arc protonated in superacid media at tow tempera- 
tures on the carbonyl oxygen atom, as was first shown 
by GiitespieW. 



u0 



OH 



NHt 



It has been claimed ,,$01 that protonation of ethyl 
diisopropylcarbamate, a hindered amide, takes place on 
nitrogen and not on oxygen. A reinvestigation, however, 
established that at low temperature O-protonation first 
takes place (kinetic control) and that the O-protonated 
amide subsequently rearranges to the more stable /V-pro- 
tonated form (thermodynamic control)' 1 3 H 

The possibility or observing the protonated amide linkage 
in strong acid media has particular relevance in the study 
of peptides and proteins' 1 is *K 

Since nitrogen is a much stronger electron donor than 
oxygen, the contribution of carbenium ion structures in 
acid salts of imines, amidines, and guanidines is smalF* 41 . 

RjC=NR, — R 2 C-NR a 



R 2 N-C=NR* R a N«C-NR 2 — * K 3 N-C-NR a 
R R R 



jp S Ra J Ra 5* 

f V NRj R a N' S §R a V NR a x » 



NR a 



HnC^C-C^O 

CH, 
ft 03) 



H 2 C-CH-C 

(li>4) 



H,C=CH-C-C=0 

nos) 



However, even in protonated nitriles contribution from the 
iminocarbenium ion resonance form must also be consid- 

cred Cl53.t*6]. 
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Ions such as the (riazocarbemurn ion, (N 3 ) 3 C *SbCJ$ , have 
also been reported 1 1 5 7 l 

The Held of protonated heteroaliphatic compounds has 
been studied in detail: interested readers are referred to 
a recent review 11581 for more information. 



3. Equilibrating Carbenium Ions or 

Static Carbonium Ions? 

The Classical-Nonclassical Ion Controversy 

Some carbocatiom show great tendency to undergo fast 
degenerate rearrangements, leading through intramolecu- 
lar hydrogen or aJkyJ shifts to the related identical struc- 
tures 121 . The question arises, whether these processes are 
equilibrations between the limiting carbenium ("classical") 
ion intermediates separated by low energy level transition 
stares or whether intermediate hydrogen or alkyl bridged 
carbonium ions are involved. Extensive discussions regard- 
ing the kinetic and stereochemical results in these systems 
have already appeared in the literature and it is considered 
outside the scope of this review to recapitulate the 
arguments. The reader is referred to reviews, such as 
SchJeyers {2 \ and the original literature. 

As direct observation of long-lived carbocations, generally 
in superacid media, became possible in recent years it 
was as a logical extension of our work to apply the devel* 
oped spectroscopic and chemical studies of direct observa- 
tion to the study of equilibrating or bridged carbocation 
systems. Differentiation between these two possibilities by 
NMR spectroscopy is difficult: because of the "slow time 
scale** of the NMR method, rapidly equilibrating or bridged 
ions can be expected to give similar l H-NMR spectra. 

l3 C-NMR spectra can. however* be used advanta- 
geously 1301 for investigation of the structure of carbocations 
in which the possibility exists for degenerate rearrange- 
ments to occur which are fast with respect to the NMR 
time-scale and which lead to average shifts and coupling 
constants being observed. "Rapid" methods such as IR. 
Raman, and especially ESCA spectroscopy are therefore 
particularly useful for investigating these systems, 

3.1. Equilibrating AJJcy/carbemum lots 

The dimethylisopropylcarbenium ion is an example of a 
rapidly equilibrating alkylcarbenium ion. Its l H-NMR 
spectrum, shows four equivalent methyl groups and does 
not permit a clear distinction to be made between a rapidly 



(tS2a) 



£-2' CHs 

(H26J 



KjC CH 3 

(U2cJ) 



equilibrating system or a static ion [which may be formu- 
lated as involving hydrogen bridging, i.e. a rr-complex 
()}2c) or alkenonium ion (l\2d)]. 
The average U C chemical shift observed for the two cen- 
tral carbons of the dimethyltsopropylcarbenium ion is 
5 = 3.4. The INDOR spectrum consists of a, double^ 
(y CH =6*SHz)^' ; . In the case of an equilibrating system 
the average value of the shifts at the two sites, i.e. C* 
and HC<C, would be observed as the chemical shift. A 
suitable model for estimating these shifts is the rerr-butyl 
cation; the average vaJuc of the ,3 C chemical shift of 
the methyl group and of the central C* atom is Su C =6.2. 
The effect of the two additional methyl groups in (U2) 
should cause additional deshielding of both shifts com- 
pared with those in the model compound, and thus there 
is excellent agreement between the observed shift and the 
chemical shift expected for the rapidly equilibrating ion. 
The coupling constant can also be estimated (again jusing 
the rerr-butyl cation as a model compound) from rhe faircct 
and long-range O- H coupling constants J H c and J ri cc- 
The average of these vaiues (assuming the long-range cou- 
nting to be negative, as is usual in thxec-bond CCH 
coupling) is 64 Hz, again in excellent agreement wirh the 
observed value. The agreement of both the coupling con- 
stants and the chemical shift with the values predicted 
for the rapidly equilibrating ion are so good as to leave 
little doubt as co rhe nature of this ion. IR and Laser 
Raman spectroscopic studies of the ion also confirm this 
conclusion. Whereas NMR studies of rapidly equilibrating 
ions are thus possible, clearly the relatively slow time-scale 
of the NMR experiment does nor allow direct, separate 
observation of individual species, but gives information 
through analysis of average chemical shifts and coupling 
constants of the equilibrating species. Thus it is clear that 
the study of these ions necessitates Che use of physical 
methods whose time scale is not affected by even the 
, fastest chemical equilibrating processes. 

Consequently we carried out a study of the infrared and 
Raman spectra'* 5 "* 2 * of the isopropyldimcthylcarbenium 
ion and. for comparisons, those of a series of alkylcar- 
benium ions with known "static" structure, such as the 
ft'r/.butyL ferf-amyl. and isopropyi cations. The nearly 
identical spectra of the ions and the evident pianarity 
(or near pianarity) of the carbenium centers suggest 
that the dimethylisopropylcarbenium ion is "classical", 
similarly to the static ions used for comparison. 

Finally, the most decisive physical method yet applied 
to the study of carbocations in the condensed state is 
perhaps that of x-ray photoelectron spectroscopy 
(ESCA^ 3 * 1 , which allows one to differentiate between equi- 
librating carbenium ions and bridged carbonium ions. This 
method allows direct measurement of carbon I s electron 
binding energies. As the charge distribution within carbo- 
cations causes increasing binding energies with increas- 
ing positive charge localization, highly electron deficient 
classical alkyl and cycloalkyl carbenium centers (as in 
rerr-butyl and terr-amyl cations) show at least 4e V binding 
energy differences from the remaining less electropositive 
carbon atoms. 

In the ESCA spectra of bridged carbonium ions, such as 
thenorbornyl cation (sec Section 3.3), there is no indication 
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of such a highly electron deficient carbon center with 
high binding energy. The ESCA spectra of the dimethyliso- 
propylcarbeniura ion ( 112) and of the dimcthylethylcar- 



^C-CH(CH3) 3 /ScHj-CH s 
(112) (113) 

benium ion (113) show practically the same difference 
in the 1 s bonding energies (AE b ) between C * and adjacent 
C atoms («4.2eV). 

Since ESCA spectra represent observation of the ejected 
core electron from a single species, no rime scale limitation 
related to possible chemical equilibration phenomena can 
exist. The ESCA spectra thus clearly indicate that the 
ion studied is a classical carbenium ion and not a bridged 
tetramcthylethyleneprotonium ion (112d). 

An example for differentiating between an equilibrating 
and a methyl bridged ion is the dimethyU/irr-butylcar- 
benium ion (114) (the triptyl cation or pemameihylethyl 
cation). The ] H-NMR spectrum of this ion consists of 
a single signal at 8 =2.90< 451 . The position of this chemical 
shift was considered indicative of a rapidly equilibrating 
structure [(U4a)^±( 114 b)] rather than a bridged struc- 
ture (114 c), although the fact that only a single proton 



H a c-c-c: 



H,C CH, 
(U4a) 



(H4h) 



H 3 C A CH 3 

H,C CH, 
(114c) 



resonance is observed does not necessarily enable these 
structures to be distinguished since in the methyl bridged 
carbonium ion intramolecular equilibration of the methyl 
groups could take place. As in the case of the dimcthyliso- 
propylcarbenium ion the 1 *C«NMR spectral data can give 
additional evidence about the structure 1301 . 

The average U C chemical shift for C-2 and C-3 was found 
lo be 5uc= - 11-5; this is consistent only with the rapidly 
equilibrating structure. The norbornyl cation (see Section 
3.3), which has been experimentally observed, provides a 
'good model for a methyl bridged ion. The bridged carbon 
atoms in this ion have a chemical shift 5 UC «70. If the 
dimethyl-rerr-butylcarbenium ion is similar in nature to 
the norbornyl cation we would expect the C-2 and C-3 
shifts in the former compound to be 81.5 ppm further 
upficld than they actually arc. The near zero coupling 
between the methyl protons and carbon- 13 is also revealing. 
Since this ion rapidly equilibrates, the observed coupling 
will be the average of the two and three bond carbon-hy- 
drogen coupling constants. The two bond coupling con- 
stant in the terr-butyl cation is 6.5 Hz. A similar value 
« to be expected for the methyl bridged ion. Since the 
observed coupling constant is zero, the three bond coupling 
must have the same magnitude but opposite sign. So far 
the signs of only a few such couplings have been determined. 



However, such a sign alternation has been reported by 
Karabatsos [ * l "\ the two bond coupling being negative and 
the three bond coupling positive. 

The *H-NMR spectrum or the 2-butyl cation (115) at 
-120°C consists of two signals at 5=3.2 and 6.7, the 



HaC-^-C-CHa 
H H 



H,C 



H 

© I 

H H 



015) 



intensity ratio being 2: 1 {I s ". This is the result of a degener- 
ate 1,2 hydrogen shift, which at this temperature is fast 
with respect to the NMR time-scale. 

In the ,3 C-NMR spectrum the two central carbons give 
a quartet at 8u C «2I.2 with a carbon-hydrogen coupling 
constant of J C h»70±2Hz (301 . Using the difference of the 
U C shifts observed in the dimethylisopropyl ion (112) 
and the dimethyl-rerr-butylcarbenium ion (J 14) as a mea- 
sure of the effect of methyl substitution on the 1 J C chemical 
shift in equilibrating ions (8 ppm) then a t3 C chemical 
shift of Sue = 13 is to be expected. This is in reasonable 
agreement with the observed value. Using the isopropyl 
cation as a model gives an estimated coupling constant 
of 72 Hz. As in the two previous examples the n C-NMR 
values clearly demonstrate that the 2-butyl cation is an 
equilibrating "classical" carbenium ion rather than a 
bridged "non-classical" carbonium ion. Both Raman and 
ESCA spectroscopic studies of the pentamethylethyl and 
2-butyl cations clearly indicate the classical carbenium 
ion nature of the ions. The Is binding energies of the 
carbenium centers and the remaining carbon atoms 
differ in the case of the tertiary ions by about 4.0—4.8 ±0.2 
eV. 



3.2. The Equilibrating Cyclopentyl Cation 

As already mentioned the l H-NMR spectrum of the cyclo- 
pentyl cation (116) in SbF 5 — SO a ClF solution at -70 U C 
consists of a singlet at 6=^.68. The lJ C satellites of this 



Or 



H 



(116) 



peak show a J CH coupling constant of 28.5 Hz and have 
an intensity five times that normally observed. This results 
from the degenerate rearrangements that occur in this 
ion which, on the NMR time-scale, lead to equivalence 
of the nine protons and five carbon atoms. The li C- 
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— 100 H: — 



3.3.5.5,7.7 




95.4 ppfTj 

Fig. 20. 25 MH* 1 'CINDOR spectrum ofthe eyclopcntyl cation obtained 
in natural abundance from eyclopcntyl chloride in SOjCIF— SbF» solu- 
tion. The ten-line multiple* (J ctt -28.5 H2> is a result of the degenerate 
rearrangements in this ion leading to complete scrambling of the nine 
proiona among the five carbons on the NMR time scale. The observed 
shift aod coupling constant are thus average values. 

INDOR spectrum shows a 10 line multiplet at So c =95.4 
with a coupling constant of 28.5 Hz' 30J (Fig. 20). 

Once again the ESCA spectrum 136 *, which is not affected 
by the lime scale of equilibration, shows that the ion (1 16) 
is a secondary carbenium ton. The binding energies of 
the carbenium carbon atom and remaining carbon 
atoms differ by about 4.8 eV. 



33, The Norbomyl Cation 

The cydopentyl cation (116) leads us to the discussion 
of one of the most controversial of all carbocations, the 



or 



(117) 

norbomyl cation (117). whose structure has been the cen- 
tral point of many discussions regarding the much publi- 
cized classical-nondassical controversy of "carbonium 






ions 



The methods worked oat in our laboratories to generate 
and study stable carbocations in solution were successfully 
applied to the direct observation of the norbomyl cation 
and the clarification of its structure 1101 . 



(118) 



etc. 




5 

IAMHI 

Fig. 21. 60-MHz 'H-NMR «peetrum of the norbornyl cation (117} 
( ) and i he JM'.TO-fluoronorbornane (118) I ) a< 35 *C. 




t.75\3.00 2.75 
ff CppmJ 

Fig. 22. 'H-NMR spectrum (100 MHz) of the norbornyl cation till) 
in SbF,— SOg solution at - 80*C. The insert ahow« the effect of irradiating 
the low-Held septuple! on the one-pro ion peak at B -2.82. a is the spectrum 
without irradiation and b is with irradiation. ; 

In 1964 Saunders, Schleyer, and I first investigated' 1601 the 
ion prepared from 2-*:ro-fluoronorbornanc (118) in 
SbF, — SO 2 and recorded its l H-NMR spectrum. At room 
temperature it consists of a single broad band at 5 = 3.75 
(Fig. 21) due to scrambling of all hydrogen atoms, The 
contrast between this single band and the complex spectrum 
of the starting compound is striking. The equilibration 
of the hydrogen atoms is caused by the fast 3,2- and 
6,2-hydrogen shifts and the Wagner-Mccrwein rearrange- 
ment. 

Similarly at room temperature the ,3 C-NMR spectrum 
of the ion shows a single broad absorption line centered 
at5, JC =I34' l<> l 

When the temperature is lowered to -60°C the 'H-NMR 
spectrum of the 2-norbornyi cation is resolved into three 
different peaks (mltnsixy ratio 4:1:6). The spectrum does 
not change when the temperature is lowered to - 120°C 1101 
(Fig. 22). 

The spectrum was interpreted as evidence that the 3,2-hy- 
drogen shift could be frozen out, but the 6,2-hydrogcn 
shift and the Wagner- Meerwein rearrangement arc still 
fast even at the low temperatures used (-120°C), The 
rsteconstanr of the slow 3,2-hydrogcn shift was established 
from temperature-dependence studies, and the activation 
energy of this shift was found to be 12 kcal/mol. In studies 
with White [i0) we subsequently succeeded in "freezing out" 
on the NMR time scale even the fast 6,2-hydrogen shift. 
Using a mixed solvent system (SbF 3 — S0>C1F— S0 2 F 2 ) 
it was possible to observe the 100 MHz spectrum at 
temperatures down to - 156*C. At - 120°C. the spectrum 
was identical to that described previously; however, rn 
the temperature range -128 to - 150°C significant 
changes occur. The most deshieldcd peak due to the four 
equilibrating ^protonated cyclopropane" ring protons 
broadens and then separates into two signals at 5=3.05 
and 6.59 with relative intensities 2:2. The high field 
resonance, due to the six methylene protons, also broadens 
and develops a shoulder at 5= 1.70. The signal at 6*2.8Z 
due to the single bridgehead proton remains unchanged 
(Fig. 23). 

The temperature dependence of the low field resonance 
was used to calculate the rate constants based on the 
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* i i j 1 1— 

7 6 5 4 3 2 1 

nmrni — <f Cppm] 

Fig, 23. 1 00- MHz 'H-NMR spectrum of the "norbornyl cation" in 
SbF,— SO«OF— SOiFi solution at temperatures between -113 and 



Gucowsky-Holm equations. The activation energy from 
the Arrhcnius plot is 5.9±G.2kcal/mol' 1 and the pre- 
exponential factor lO'^'s" 1 . 

These observations could signify cither: (a) that the ion 
is "classical" and that the temperature dependence corre- 
sponds to the "freezing out" of the 6^1,2-hydrogen shift, 
the Wagner-Meerwein rearrangement still being fast at 
- 1 56 °C or (b) that the ion is "non-classical", all rearrange- 
ments have been "frozen out" and thus the structure is 
that of a methylene bridged ion with a pentacoordinated 
carbon atom. 

In order to differentiate between these two possibilities 
the Raman and 13 C-NMR spectra of the ion were stud- 
ied 1101 . As Raman spectroscopy is a rapid physical method 
(assuming that vibrational transition rates are faster than 
any of the hydrogen or alkyl shifts) the question of possible 
equilibration versus bridged ion becomes unimportant. 
The previously discussed technique of average l3 C-NMR 
shiAs should be also applicable in this case for differentiat- 
ing a static non classical bridged ion from rapidly equilibrat- 
ing classical carbenium ions. 

The Raman spectroscopic investigation of the stable 
norb rnyl cation was carried out at -70°C in 
FS0 3 H— SbFj— S0 2 solution using a helium-neon laser. 
In the C— C stretching frequency region there is only 
onestrong line at 972cm" 1 (p=0.35). The C— H stretching 
frequency region shows five lines, one of which is at 
3110cm" 1 . The skeletal vibrations of the ion and their 
comparison with those of model compounds suggest a 
structure closer related to nortricyclene, but not to nor- 
bomane, i.e. under the conditions of the investigations 
(- 70 °C, where, as the NMR spectra show, the ion rapidly 
equilibrates) an ion having protonated nortricyclene nature 
is present. 



101.8 156.1 ppm 162.5 

2MS3 No — * 

Fig. 24. ''C-INDOR spectrum of the norbornyl cation (117) generated 
in SbF } — SO; solution horn fjro-2-chloronorbomaAc and recorded at 
-70 V C The spectrum was obtained by observing the ,3 C satellites 
in the 100'MHz 1 H-NMR spectrum while irradiating the sample with 
a swept 25-MHz frequency. IJ C shifts indicated arc with respect to 

As mentioned, the 13 C-NMR spectrum of the ion at room 
temperature shows a single broad absorption. On lowering 
the temperature to - 70 "C, three well resolved absorptions 
arc observed (Fig. 24). The chemical shift of the triplet 
due to the equivalent methylene carbon atoms C-3, C-5 
and C-7 is at $1 5 C * 162.5 [J -140.2 Hz) and that of the 
bridgehead carbon atom C-4 at Si> c = 156.1 (doublet 
J = 153 Hz). The 53.3 Hz pentuplet observed at 6u C = 101.8 
(from l3 CS 2 ) using the INDOR method (on irradiation 
of the satellites of the lowest field peak) corresponds to 
the three equivalent carbons <M, C-2 and C-6 associated 
with the four equivalent equilibrating protons. 

Subsequently we were also able to obtain the 13 C-NMR 
spectrum of the "frozen out*' norbornyl cation at - 156 °C. 
Whereas the use of the INDOR method is generally based 
on observing the effects of irradiation on the l3 C satellites 
in the proton spectrum, these satellites could not be 
observed at -156°C due to a poor signal-to-noisc ratio 
at this very low temperature. Enhancement of the C-l. 
C-2-proton resonance (due to a collapse of the 1 3 C satellites 
and possibly a nuclear Overhauser effect) proved to be 
possible on irradiation at 25. i MHz, however, even 
at -156°C. The low-field proton resonance (at 6=6.59) 
was enhanced on irradiation at5 t j c a "^0±2 while the more 
shielded proton resonance (at Sac 3.05) was enhanced on 
irradiation at a frequency corresponding to Si jc~ 173 ±1 

We were unable to obtain the C— H coupling constants 
and peak multiplicities in this manner. Recently, however, 
it has been possible by use of the rapid Fourier Transforma- 
tion Method to obtain the complete l3 C-NMR spectrum, 
and all the coupling constants and peak multiplicities. 
Table 3 lists the corresponding values of the carbon atoms 
participating in the three center bond. 

It should also be mentioned that both the u o-route" from 
2-norbornyl halides and the '^r-route" from p-A 3 -cyclopen- 
tenylethyl halides lead to the same norbornyl cation (117). 




Recently Matccscu* Rtemenschneider& 6 \ and J succeeded 
in recording the ESCA spectrum of the norbornyl cation 
and compared it with that of the 2-mcthylnorbomyl cation 
and other trivalent carbenium ions, such as the cyclopentyl 
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and methylcydopentyl cations (116) and f 37;. The Is 
electron spectrum (Fig. 25) of the norbornyl cation (117) 
shows no high binding energy carbenium center and a 
maximum separation of less then 1.5 eV between the tw 
"cyclopropyP type carbons, to which bridging takes place, 
from the other carbon atoms (including the pentacoor- 
dinated bridging carbon). In contrast the 2-methylnor- 
bornyl cation shows, like other trivaiem carbenium ions, 
a high binding energy carbenium center that is onJy slightly 
delocalized, as indicated by the binding energy difference 
of 3.7 eV from the other carbon atoms. 




290 285 280 275 
EHE3 — — £d CeV] 



Fig. 25. Carbon 1 s electron spectrum (ESCA spectrum) &) of the 2-mcth- 
ylrwrbornyl anion and b) of the norbornyl caiion (117), ^-binding 
energy. 



Since in electron spectroscopy the time scale of the meas- 
ured ionization processes is of the order of JO" 16 s. 
definite ionic species can be characterized, regardless of 
possible intra- and intermodular interactions (e.g. 
Wagner-Meerwein rearrangements, hydrogen shifts, pro- 
ton exchange, etc.), which have no effect. Thus, ESCA 
spectroscopy gives an undisputable, direct answer to the 
long debated question of the "nonclasaicar nature of the 
norbornyl cation independent of any possible equilibration 
process. 

The bridging methylene carbon atom C-6 of the norbornyl 
ion is pentacoordinated. It is bound to two hydrogen 
atoms and to the carbon atom C-5 by three two-electron 
single bonds. The remaining sp 3 orbital is involved in 
two-electron three-center bonding with C- 1 and C-2. Thus 
the pentacoordinated carbonium ion center is similar to 
CHJ and the norbornyl ion is a carbonium ion. 

Other examples of directly observed long-lived carbonium 
ions in which pentacoordinated carbonium centers 
were identified by U C and 'H-NMR spectroscopy are 
the 7-norbornenyl ( 119) and the 7-norbornadienyl cation 



Winstein {lt2] and Rkhey [im have shown that the 7-nor- 
bornenyl cation (119) can be obtained via both the "o- 
rouie" and the "Tt-route'\ 

The carbonium centers in the norbornyl cation (111), 
the 7-norbornenyl cation ( 119), and the 7-norbornadienyl 
cation ( 120) {[0 ' 1641 are similar and related to the ethylcna- 




(W) (119) (120) 

methonium ion (121), although strain differences in the 
ions are obviously significant. All these ions contain a 
two electron three-center bond. The bridging carbonjatoms 
are pentacoordinated, whereas the carbons to whicp they 
bridge are tetracoordinatcd carbonium atoms. 




HsC'- -TJHj 

(121) 

Comparison of the characteristic lJ C-NMR parameters 
of the carbonium centers in these ions w ith those of trivalent 
carbenium centers in related tertiary classical ions (Table 
3) shows the very significant differences which allow clear 
differentiation. The carbenium centers are highly electron 
deficient and therefore deshielded, whereas the carbonium 
centers show much higher shielding (up to 300 ppm) on 
account of their higher coordination. 

It can be concluded that the original views of Wmstein U65] 
on the nonclassical nature of the norbornyl cation, based 
on kinetic and stereochemical results, have been fully sub- 
stantiated by direct spectroscopic studies of the long-lived 
ion n01 . Whether the ion is completely formed under solvo- 
lytic conditions (S N 1 type) or the reaction has more S N 2 
character, cannot be decided at the present time. Investiga- 
tion of the norbornyl cation, however, contributed substan- 
tially ro our general understanding of carbonium ions 
as being distinct and well differentiated species from car- 
benium ions. Carbonium ions cannot only be formed tntra- 
molecu(ariy,but also in inrermoiecular reactions and repre- 
sent the key for electrophilic reactions on single bonds 
(see following discussion). 

3*4. Cyclopropylmeehyl and Cyclobutyl Cations 

The solvolytic reactions of the cyclopropylmethyl — cyclo- 
butyl — allylmcthyJ system has been studied extensively 
by Robertsl lbb \ WibergV*, and other authors. In these 
studies and in recent spectroscopic investigations of the 
long-lived ions in superacids' 7 *', the nonclassical nature 
of the common ions could be established. Rapid equilibra- 
tion between the so-called unsymmetrical bicyclobutonium 
ions is in agreement with all data. 
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Tabic 1 Comparison or the ,J C-NMR parameters of the carbocaiion centers in carbonium and carbenium 
ions. 



Ion 



Curbonium ions 

6[ppm] Jch[Hi) 5'»c[ppm] 



it a H (l 

Of 



am 



am 



H A ~J.Q5 
H.-6.59 



H A -3.25 
H B -7.04 



H A = 14SJ 
H B - 184.5 



H A = 218.9 
H B » 193.8 



C, = 159.8 
C B = 67.9 




H A -3.24 
H 6 »7.48 



H A — 216.4 
H fl = 19Z3 



C A = 157.6 
C„- 78.9 



Ion 



Carbenium ions 
Solvent 

r[-c] 



ou C [ppm] 





FSO,H-SbF 3 -SO, 
-BO 


C-1 = 1- 113.0 169.5 H*} 
C*-2-,-77.3 




SbF,-$0 2 
-60 


C*-1- -142.0 




SbF 3 -SO a ClF 
-60 


C*=-I314 


(CH,J B CH® m 


SbF, — SOjCIF 
-60 


C°= -1250 




FSOjH 
-35 


134,0 tf- 158,4 Hz) 
€"-2=1-63.5 




FS0 5 H 
-20 


C*-l--74.6 




FSOjH-SbFj-SO, 
-60 


C*--6U 



Stable, long-lived cyclopropy I methyl and cyclobutyl 
cations were studied in SbF$— S0 2 C1F solution at low 
temperature by 'H- and lJ C-NMR spectroscopy. Struc- 
tural assignments were based on the data obtained and 
on comparison with model compounds. The cyclopropyl- 
meihyl cation (122) (Fig. 26) and for comparison the 

HjC-CH-CHj-CHjX 
i 

H 1 X 

~<h] ~ * [<$>] <§> 

11 

■ — [<3>] ^ ^ *- 




etc. 



7.0 6.0 5.0 i,Q 
flflBCB) — — d" Cppml 

Fig. 26. st) 100-MHz 'H-NMR tpectrum of the cydopropyJiTiejhyl cotion 
(122) in SbFj— SOaCIF solution at -$0"C b) 60-MHz spectrum in 
the region of the CH signal: e) 60-MHz spectrum the CH fignal of 
the a.*«didcuteriocyclopropylmeihyl cation. 

methyl substituted cations (123) and (14) were examined 
under comparable conditions. The NMR parameters are 
summarized in Table 4. 
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Table*. NMR parameters of cyelopropylmethyl caiioru. 



(on 




'H-NMR.6[ppm] Un-,, [Hi]) 
CH ; CH *CH 


ttKl 




4.21 ite) 


6.50 (di. 
8.0) 


O-Sh-CHi 


3.34 (6.2) 


4.3: 

4.45 


4.58 9.« (6.2) 










2.70 


3.57 


3,83 






3.66 





Ion 


CH, CH X CH 




(122) 


+ 138(180)+ 85 




(J2S) 


+ 160 +136 +126 


-59.1 


(14) 


+ 154(125) +140 +134 


-868 




+ 163li:5) 





[a] Sec nfo© Fig. 7. 



Al! of the cyclopropy .methyl cations show charge delocalh 
zation by the cyclopropyl ring, but only with the primary 
system is the unique behavior observed which puts it in 
a class distinct from the secondary and tertiary ions. Com- 
parison with model compounds, including the previously 
discussed norbomy) type cations, established the neoclassi- 
cal caxbonium ion nature of the cyelopropylmethyl cation 
( 122), A set of equilibrating cyclopropylcarbonium ions 
is involved, with equilibration occurring via the puckered 
cyclobutcnium ion (cydobutyl cation). 



15. Etnylenearenium Ions 



tion of the aromatic n-system and not, as such, of the 
C Ar — C a bond which would give the tetracoordinated cthyl- 
enephenonium ion. Rearrangement of the p-phcnylethyl 
to a-phenylcthyl cations on the other hand is a regular 
1,2-hydrogen shift involving the C«— H bond 



9 



1.2-H. 



®CH-CHs 
(S5) 



CHj-CH a 



(124) 



4. The Role of Carbocations in Electrophilic Reac- 
tions 

4.1. General Considerations 

Trivalent carbenium ions, as reoognized in the pioneering 
work of Meerwe\n t IngoltL and Whitman* play an 'impor- 
tant role in acid-catalyzed rearrangements of hydrocarbons 
(isomcrization, aJkylation, cyclization, polymerization, 
etc.). as well in a large variety of electrophilic reactions 
including those of the generalized Friedel-CrafU type 
These reactions and their mechanisms are well rcviewed IP0 > 
and will not be discussed here. It is suggested, however, 
(see subsequent discussion) that only ionization of lone 
(non-bonding) electron pair donor precursors (n-bases) or 
protonation of singlet carbenes can lead directly to car- 
benium ions. Other (it- or a-) donors always interact first 
via their bonding electron pairs with the electrophilic rea- 
gents, forming two electron three-center bound carbonium 
ions (transition states or intermediates) which subsequently 
yield the trivalent carbenium ions. 



The classical-nonclassical ion controversy also included 
the question of the so-called "echylenephcnoniunV* ions. 
Cram's extensive studies 11 6B| , based on kinetic and stereo- 
chemical evidence, clearly established the bridged-ion 
nature of (J~phenylethyl cations in solvolytic systems. Spec- 
troscopic studies (particularly 'H- and ,3 C-NMR) n691 of 
a scries of stable long-lived ions proved the symmetrically 
bridged structure, and at the same time showed that these 
ions do not contain a pemacoordinated carbonium ion 
center (i.e. they are not "nonciassical ions"). They are 
spiro[2.5]octadienyl cations (124) (spirocyclopropylbcn- 
zenium ions) or, in other words, cyelopropylmethyl cations 
in which the carbenium center belongs to a cyclohexadienyl 
cation (benzenium ion). 




() 24) 

The nature of the spiro carbon atom is of particular impor- , 
tance in determining the structure or these carbocations. 
1 3 C-NMR spectroscopic studies clearly established the ali- 
phatic tetrahedral nature of this carbon, thus ruling out 
a "nonclassicar ethylencphenonium ion. 

The formation of the ethylenebcnzenium ion ( 124) from 
p-phcnylethyl precursors can be depicted as cycloalkyla- 



4,2. Formation of Metbomum 1cm 

(the Simplest Carbonium Ion) from Methane 

The bonding of a carbonium center is considered to involve 
three covalent, two-electron bonds with the fourth bond 
being a two-electron three-center bond* 12 '. This type of 
bond occurs, similarly as in the norbornyl cation (177) [XQ \ 
in alkonium ions like CHJ (125). The existence of the 
methonium ion CH? is based not only on mass spectrome- 
tric studies 117 11 but also on the chemistry of methane 
in superacids and with strong electrophiles 11731 . Thus, 
the interaction involves the main lobes of the covalent 
bonds (frontal attack). Since an electrophile will attack 
the points of highest electron density, attack will occur 
on the covalent bonds themselves and not on the relatively 
unimportant back lobes. 



H H + 



H 

(125) 



It should be remembered thai the dotted lines symbolize 
the bonding orbitals of the three centered bonds and that 
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fhcir point of junction does not represent an additional 

atom. 

Of the possible structures for the methonium ion (Dj hf 
C C„ D 2h or C> symmetry) Olah, Klopmn* and Schlos* 
btrij inst suggested preference for the C, front-side pro- 
tonatcd form. Preference for this form was based on consid- 
eration of the observed chemistry of methane in super- 
acids (hydrogen-deuterium exchange and. more signifi- 
cantly, polycondcnsaiion indicating case of cleavage to 
CH> and H 2 ) and also on the basis of self-consistent 
field (SCF) calculations 1 mi . More extensive calcula- 
iions* ,7X \ including ab Initio calculations utilizing an "all- 
geometry ** parameter search 1 ns l confirmed the favored 
.structure with C, symmetry. This structure is about 
2 kcal/mol energy-poorer than the structure with C dv (or 
D 2h or Cj v ) symmetry* which in turn is about 8 kcal/mol 
energy-poorer than the structure with trigonal bipyramidal 
D 3h symmetry. 







At the same time it should also be recognized that ready 
interconversion of stereoisomers forms of CHJ is possible 
by a pseudorotational-likc process. Muerterties recently 
suggested naming stereoisomerization processes of this type 
in pentacoordinated compounds as "poly t opal rearrangc- 
mems" 11701 (sometimes called "polyhedral rearrange- 
ments"). We, however, prefer to call intramolecular car- 
bonium ion rearrangements as "bond to bond rearrange- 
ments"* since these are not limited to equivalent bonds 
in the case of higher homoiogs of CH S * (see subsequent 
discussion). Hydrogen-deuterium scrambling observed in 
superacid solutions of deuterated alkanes strongly indicate 
such processes. 

43. Boron Analogs of Carbocations 

It is of interest to note that isoelectronic boron compounds 
can be used as model compounds for both carbenium 
and carbonium ions. Trimethylboron has already been 
compared with the trimethylcarbenium ion (sec Tabic 2) 
und it has recently been suggested that BH$ may similarly 
be used as a model for comparison with CH? ,l21 . 



CH 3 



B 

6k 9 



H 



,H 



H 



,H 



,C -- Q V BHf + H® H-B — < 

B H 3 is formed in the acid hydrolysis of tetrahydrobo- 
ratestm.wH) when thc hydrolysis is carried out with 



deuterated acid, not only HD but also H 2 is formed. In 
strong acids the isotopic distribution is statistical. This 
is indicative of D* attacking the B— H bond (similarly 
to the attack of H* on methane) and of polytopal (bond 
to bond) rearrangement of BHJD taking place, before 
subsequent cleavage occurs. The ease with which diborane 
exchanges hydrogen for deuterium when treated with deu- 
terium gas [m1 also indicates the formation of the three 
center bound analog, BH } D 2 . 

B 8 H fl ^ 2BHj 



7 ,- D 

H-B— < 

A d 



H-B-—. 
H 'D 



BHjD ♦ HD 
B 3 H 4 D 2 etc. 



44. St eric Effects in the Formation of Carbonium Ions 

It should be emphasized that if steric interference (as is 
the case in interaction of tertiary C—H bonds in isoalkanes 
with tertiary carbonium ions) is substantial, the three- 
center bond of carbonium ions must be highly unsymmetri- 
cal. although the attack of the tertiary carbenium ion 
on the tertiary hydrogen of thc isoalkane still cannot be 
considered to lie along an extension of the C—H bond 
(I.e. in a linear fashion) 11 8 01 . 



CR, 



Similarly the protonation of stericaljy hindered C— C (and 
C—H) bonds can also only proceed via highly unsymmetri- 
cal carbonium ion states (see following discussion). 

The preferred direction of attack by the clcctrophile should 
thus not be considered to be always the same and may 
very well vary from compound to compound (according 
to thc reaction conditions). Since the possible configura- 
tions of pentacoordinated carbon do not differ very much 
in stability (as is also the case in CHjf \ with exception 
of the "back-side" substituted trigonal bipyramid, which 
must be considered the least favorable form, it is unlikely 
that there is any "inherently" preferred pathway: it will 
depend on the individual reaction conditions: the electro- 
philic attack, however, always takes pJace on the appro- 
priate bonds via "frontal" interaction. 

43. Elcctrophilic Reactions ar Single Bonds: 
c-Donor Systems 

Pentacoordinated carbonium ions play an important 
role not only in connection with the structure of neoclassi- 
cal ions, but more importantly in the general area of 
electrophilic reactions at single bonds, e.g. in the aliphatic 
substitution of alkanes and cycloalkanes, Such reactions 
include acid-catalyzed hydrocarbon isomerizations. frag- 
mentations, cyclizations, and other transformation reac- 
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rions, electrophilic substitutions of alkancs and cydo- 
aikanes and related electrophilic reactions. 

Wc have in recent years obtained evidence for the general 
reactivity of covalent C— H and C—C single bonds of 
alkanes and cycloallcanes in various electrophilic substitu- 
tion reactions such as protolytic processes, hydrogen-deu- 
terium exchange* Iei] , alleviation 1 lflD| , nitration 11 8 2 \ halo- 
genation* 1 etc. This reactivity is due to what wc consider, 
alongside n- and n-donor abitity, the third major type 
of electron donor ability, i.e. the o-donor ability (sigma 
basicity) of handed electron pairs (i. e. single bonds) to 
share their electron pairs with an electron deficient reagent 
via two-electron, three-center bond formation. The reacti- 
vity of single bonds thus stems from their ability to partici- 
pate in the formation of pentacoord mated carbonium ions. 
Subsequent cleavage of the three-center bond results in 
formation of trivalem carbenium ions and substitution 
products, or hydrogen (alkyl) transfer takes place. 



tertiary C— H bond reactivity exceeds that of C—C bonds 
and secondary (and primary) C— H bonds. In »-alkanes, 
the C—C bond reactivity is generally found to exceed 
that of the C— H bonds. It is also apparent that steric 
factors affect a-basicily as they do ft- or n-ba$icity, 

Bart ten, Condon, and Schneider^ 1 were the first to 
recognize that in aluminum haiidc catalyzed intcrmolecular 
hydrogen abstractions, the electrophile (carbenium ion or 
proton) can remove a tertiary hydrogen atom together 
with its bonding electron pair (the so-called hydride transfer 
reaction). 

R 3 C-H + R® (or H*> = R 3 C* * H-R (or H 2 ) 

In subsequent literature the assumption has generally been 
made that the hydrogen atom is removed with its electron 
pair through what amounts to a linear transition state. 



R3C-H + E® R*C~- < 



E 



R,C® + EH 
R 3 CE + H e 

^ R3CE + R,C® 



E© = D© H®. R®, NO,®, Hal® 

As to the nature of the transition state of the electrophilic 
reactions at single bonds, the experimental product com- 
positions strongly favor pemacoordinated carbonium ion- 
type transition states involving c3rbocation centers with 
three regular covalent two-electron bonds and one two- 
electron rhree-cemer bond, which, in contrast with the 
linear or "back-side" attack, is formed via "frontal" 
attack' 12 - 1 * 0 !. 

Frontal attack involving a trigonal transition State would 
lead to retention of optical activity if reactions were carried 
out at an optically active carbon center. Experiments pre- 
sently being carried out in our laboratories appear, in 
part, to prove this, but there are many experimental difficul- 
ties in carrying out such reactions under controlled condi- 
tions. We have also been able to carry out electrophilic 
substitution reactions (deuteration, alkylation. nitration, 
chlorination) at bridgehead positions of rigid systems, 
such as adamantane, where back-side attack and olefin 
formation is impossible (for back-side attack the electro- 
phile would need to pass through the cage structure). 
These reactions give direct experimental evidence for the 
frontal direction of the electrophilic attack and the nature 
of the pentacoord inated carbonium ion-type transition 



4£. Prof olysis and Hydrogen-Deuterium Exchange 

With superacids, alkanes readily undergo protolytic reac- 
tions involving tertiary, secondary, and primary C— H 
as well as C—C bonds f 172 lBX \ in the case of isoalkanes. 



Lewis, Hawthorne, and Symons [lBi] must be given credit 
for having first suggested that the transition state in hy- 
drogen abstraction could be considered triangular instead 
of linear: "...electrophilic reagent attacks the C— H bond 
and the reasonable mode of attack is on the electrons 
of the bond. A triangular transition state is therefore pro- 
posed," This suggestion, however, went relatively unno- 
ticed, mainly because there were no experimental data 
available to substantiate it and because it was considered 
that steric hindrance, particularly in the interaction of 
a tertiary carbenium ion with a tertiary isoalkane. would 
allow only linear interaction. 

The question of the mechanism of the hydride abstraction 
was not further considered until 1967, when, with Lukas 
we reported on the protolytic ionization and hydrogen-deu- 
terium exchange of alkanes and cycloalkanes in superacids 
such as FSO J H-SbF5($0 2 ClF) |4l5 * l ' r2tt, . Hogevcen. in 
independent work, also made similar observations in 
HF-SbF 3 solutions^ n2cI . 

These studies demonstrated that in the new superacid 
systems not only tertiary and secondary, but also primary 
C— H bonds as well as C—C bonds undergo facile proto- 
lytic cleavage. To account for the observed protolytic reac- 
tions of alkanes, we suggested with Klopman and Schtos- 
berg [X 731 that protolyses preferentially involve "front-side" 
attack through formation of triangular carbonium ions 
as shown in the case of protonation of methane to CH 3 *. 



5* CH,® + H 2 



It appears, therefore, more reasonable to call these pro- 
cesses hydrogen abstractions (transfer) and not hydride 
abstractions, since tie facto hydride ion is not involved 
in these processes. 

Subsequently, wc were able to show .with Shen and Schlos- 
berg ll96] that molecular hydrogen (deuterium) itself readily 
undergoes hydrogen-deuterium exchange in superacids. 
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The reaction takes place even at room temperature, and 
we assume that a triangular H)-transition state (126) 
is involved in the protolytic process. 



>-D 



(126) 



D 



Sy way of contrast, Hogeveen iX *' ia * initially rejected trian- 
gular transition states in hydride abstractions by arguing 
[hat such transition states would suffer considerable strain. 
Subsequently however, in collaboration with Brouwer, he 
favored bridged, unsymmetrical transition states 1 ia7bI . He 
also stated that he found no evidence for exchange of 
molecular hydrogen (deuterium) with the superacid sys- 
tem used (generally SbF 5 in a large excess of HF. which 
is a weaker acid system than the 1 : 1 acids used in our 
work), which he considered as further evidence against 
triangular transition states. At the same time he described 
the reaction of carbenium ions with molecular hy- 
drogen" 98) . He could not distinguish the nature of the 
transition state (linear vs. triangular) but considered the 
reaction to involve a linear transition state since no hy- 
drogen-deuterium exchange was observed with molecular 
hydrogen (deuterium) itself. 

R* + H-H 5± IR - • .. H Hr* = R-H + H* 



H 



1® 



rh + ; 



According to our studies of the hydrogen-deuterium 
exchange in superacids and the reaction of carbenium 
ions with hydrogen i.e. hydrogenolysis by carbenium ions, 
we suggested that they lake place at the H— H bond, 
i.e. they represent alkylalion of H— H by alkylcarbenium 
ions. 

In our continued investigations it became obvious that 
prololysis of single bonds, including C— H as well as C— C 
bonds is a general reaction 11811 . As example, the protol- 
ysis of neopentane (127) may be mentioned, where there 
is both C— C and C— H bond reactivity. 



the methyl groups arc substituted by the much larger 
rert-butyl groups the reactivity of the tertiary C— H bond 
towards electrophilic reagents decreases rapidly. In the 
case of tri-tw-buiylmethane this bond is already shielded 
to such a high degree that the tertiary C— H bond shows 
no reactivity at all, and electrophilic reactions, therefore, 
only occur on the C— C and the primary C— H bonds. 



CH, CHj 
{CH 3 ) a CH > (CH3) 3 C-f|-H > l(CH 3 ) a C] 2 C-H 
CH 3 



» [fCH 3 ) fl C] 3 C-H 



Due to the oxidizing ability of antimony pentafluoride 
(which is subsequently reduced to SbFj). the possibi- 
lity of one electron transfer redox processes must always 
be kept in mind when dealing with systems containing 
SbF 3 . In superacids and particularly at low temperature 
the equilibrium concentration of SbF Jt for example in 
a HF— SbF 5 system, is low. Furthermore the protolytic 
reactivity of alkanes is well demonstrated using deute rated 
superacids. Electron transfer from an aikane single bond 
is a relatively high energy process necessitating 4— 5cV 
(i. e. > 100 kcal/mol) more activation energy then a compa- 
rable electron transfer process from a related alkene 
k bond and consequently is not very probable in low 
temperature solution chemistry. It is worth mentioning 
thai many of the protolytic reactions discussed can also 
be carried out with acid systems other than those containing 
SbF 5 . HF— TaF 5 and HF— BF., arc for example, useful 
superacids in such reactions. Since the redox potentials 
in these systems are high, it seems a well established fact 
that alkanes react in superacid solutions via single bond 
protolytic processes, 

4.7. AJkylation 

DcspUc frequent literature references to electrophilic alkyl- 
ation of alkanes by olefins, from a mechanistic point 



HaC-C-CH, 
CH 3 
(127) 



(CH,) a C-f< 



,H 



-h* (CH 3 ) 3 C© + CH« 

(2) 



(CH,),C-CH 2 -|/ 



CH 8 
♦Hi 



— (CHaJjC-CaHs (3) 



In FS0 3 H— SbFs or SbF 5 (which generally always con- 
tains HF) C— H cleavage is favored at low temperatures 
i-80'C). At higher temperatures or in HF— SbF 5 . on 
the other hand. C—C cleavage predominates. This differ- 
ence could be explained by the differing nature of the 
soivaicd proton (H 2 SOjF + orH 2 F") which in superacids 
must be considered as a well defined, stable species. 

As is well known Tor of n- and Ji-basicities, stcric 
hindrance can also influence the o-basicity. If in isobutane 



of view these reactions must be considered as alkylations 
of the olefin by the carbenium ion formed from the isoal- 
kane by intermolecular hydrogen transfer. Thus the ulkanc 
just serves as a reservoir for the alkylating agem. 



R' 2 C=CH 2 



► R.CII 



R'.CH-CH, ♦ RjC® 



H 0 



RgC®-*- R' 2 C=CH a — R^C-CHj-CR, R'aCH-CHj'CR, 
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The suggested reaction mechanism (Schmerlingt 1 ** 1 ) is re- 
flected by the products formed in the reaction of propylene 
and isobutylene wit hisobu cane. The products do not contain 
2.2.3-trimethyIbutanc or 2,2,3J-tetramclhylbuiane. These 
compounds would be expected as primary alkylation prod- 
ucts in the direct alkylation of isobutane with propylene 
and isobutylene, respectively, As already discussed, in inter- 
molecular hydrogen abstraction from a tertiary isoalkane 
by a carbenium ion, described by Banlen, Nenkzescu. 
and Schmerlmg, the transition state could be considered 
either linear or triangular (from, froniside attack on the 
C— H bond). The latter would under no circumstances 
be symmetrical because of steric interaction between the 
carbenium ion and the tertiary isoalkane. Even with a 
strongly distorted triangular transition state (Le, assuming 
that the reaction takes place on the C— H bond itself 
and not at the back-lobe of the hydrogen atom), it becomes 
obvious that subsequent cleavage can result not only in 
intermolecular hydrogen transfer, but also, via proton elim- 
ination, in direct alkylation. 

It should be emphasized that there is no necessity in sug- 
gesting a common transition state for hydrogen abstraction 
and alkylation, but only that triangular states of related 
nature are formed. As to which products are formed 
depends on the nature of the reactants. the reaction condi- 
tions, and the stability of the products, besides other factors 
such as strain in the formation of transition states, which 
affects the ratio of reactions (a) and (b). 



R'jCH t CRg 
R, R' * Alkyi 



RjOCR, + H® (a) 



(b) 



In the case of tertiary-tertiary systems (reaction of an 
isoalkane system with a rm-alkyl cation) a dose to sym- 
metrical trigonal three-center transition state would be 
too highly strained for its formation to be possible. How- 
ever, it is unnecessary to consider a symmetrical transition 
state in the reactions. The tertiary carbenium ion could 
easily approach the tertiary C— H bond in such a way 
as to form an unsym metric transition state, which can 
account for the great preference of intermolecular hydrogen 
transfer over alkylation in the reaction. 

The possibilily of preparing stable alkylcarbenium ions, 
permitted these reactions to be investigated under con- 
trolled "pure" conditions. 

The reaction of stable, alkylcarbenium ions with alkanes 
can be advantageously studied in sulfuryl chloride fluoride 
solution at low temperatures (generally as low as -78 n C). 
A small amount 2% of C 6 fraction) of 2,2,3,3-tctrameth* 
ylbutane was detected in the reaction of rerr-butyl fluoroan- 
timonatcwith isobutane* ia01 . 



bond of isobutane by the rerr-butyl cation can account 
for formation of hexamethylethane (128). That direct alkyl- 
ation of alkanes indeed can be carried out with case 
is further shown when isobutane is reacted with the less 
bulky isopropyl fiuoroantirnonate. or when propane is 
reacted with rerr-butyl nuoroantimonate. The primary 
alkylation product 2,2,3-trirnethylbutanc is formed in up 
to 12% yield 11801 . As intermolecular hydrogen transfer 
is faster than alkylation* and the isopropyl cation more 
reactive than the rerr-butyl cation, the alkylation reaction 
in the system is considered to be mainly the propylation 
of isobutane. 

(CH,) 2 CH. + 2(CH a ), zi <CH,)jCH» + HOCHx), 
(CH,hCH + H&CK,), =s (CH^jCCHtCH^ + H® 
(129) 

The alkylation products obtained are not only thbse de- 
rived from the starting alkanes and carbenium ion, but 
also those from the alkanes and carbenium ions formed 
by intermolecular hydrogen transfer. Generally this 
transfer reaction is a faster reaction than alkylation. Since 
carbocations also undergo isomerization, and since inter- 
molecular hydrogen transfer produces new alkanes from 
these ions, it is obvious that increasingly more complex 
mixtures arc going to be obtained. Generally the bulkier 
tertiary carbenium ions can attack the more shielded ter- 
tiary C— H bonds only with great difficulty. The processes 
mentioned, however, readily produce secondary and even 
incipient primary ions in the systems, which then substitute 
C— H bonds falkylation") or react with C— C bonds 
("alkylolysis"). The alkylation reactions of alkanes produce 
a variety of products which, however, can be quantitatively 
analyzed by today's methods (gas chromatography, mass 
spectrometry). Since olefins are formed only to a minimal 
degree, if at all, under the reaction conditions when stable 
carbenium ion salts in low nuclcophilicity solvents are 
used and since at low temperatures (-78°C) and short 
reaction times (<30 sec), isoracrizalions arc considered 
of lesser importance, we feel that indeed, for the first time, 
we have been able to study direct alkylation of alkanes. 
Product compositions, which indicate hydrogen transfer 
as well as primary and secondary iilkylation but insignifi- 
cant olefin formation or isomcrizaiion, support this claim. 
No similar product compositions have been observed in 
previous acid -catalyzed olefin alkylations. The alkylation 
of alkanes in competition with simultaneous hydrogen 
imsfar can also be effected with the recently described 
CH 3 F-SbF ? l ,4M! andC ; H 3 -SbF s |l<,2| complcxes (which 
show incipient methyl and ethyl cation properties) and 
dialkylhalonium ions [l,,J1 . It is also reasonable now to 
suggest that in conventional Fricdel-Crnfts system direct 
alkylation can play a role, although in systems where 
olefin formation is possible, alkene reactivity vastly exceeds 
that of alkanes. 



<CH ,> A C e + HQCH,\U - {CH.OiC-QCH^ + H® 

This observation is, however, of substantial importance 
since no other way than direct alkylation of the C— H 



4.8. Nitration 

The general concept of cleclrophilic reactivity of single 
bonds (o '* *nor?) can be further demon $t rated with a 
typical el ^hilic reaction such as nitration. To avoid 
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the possibility of any free radical reaction resulting from 
the use of nitric acid and to avoid acid cleavage of reaction 
products, nitrations were carried out with stable nitronium 
salts, such as NOJPF;, in aprotic solvents such as meth- 
ylene cb)oride-sulfolane tl8:| . In the case of methane and 
ethane (where the nitration prod uct— nit romethane and 
nitroethane— is not acid -sensitive) anhydrous HF or 
FSOjH were also used as solvents. 



k-h 



NOfPF? 



CHjCfj<ju(foIooe 



So far our studies have been directed primarily to mechanise 
tic aspects. In methylene chloride-sulfolane solutions 
(which as n-bases compete with hydrocarbon o-bases, such 
as methane) the yields arc low (ranging from 1% nitration 
of methane at 25 °C through 2—5% nitration of higher 
alkanes, to 10% nitration of adamantane). In HF or 
HSOjF solutions much higher yields of nitration of meth- 
ane and ethane are obtained, but in the case of secondary 
and tertiary reaction products extensive protolytic cleavage 
reactions occur in acid media. In the electrophilic aliphatic 
nitronium ion nitration of alkanes the C— H and C—C 
bonds arc once again the sites of attack; this results in 
substitution (i.e. nitration) or nitrolysis. 



phile on the corresponding bonds with formation of a 
two-electron three-center bonded transition state. In the 
reaction of ethane with CI*— SbF^ in S0 2 C1F solution 
at low temperatures (i.e. under conditions favoring stable 
ions), for example, the main reaction products arc the 
dimethylchloronium ion (chlorolysis) and the diethylchlo- 
ronium ion (chlorination with subsequent formation of 
the chloronium ion). 

Interestingly, in the case of electrophilic haiogenations 
(such as chlorination) alkanes and alkenes act similarly 
as electron pair donors. The difference between the paraf- 
fins and the olefins in their reactions with "positive"* chlo- 
rine, in which the unshared electron pairs of chlorine are 
also involved, is reflected in the type of reaction products 
formed. In the alkenes, where the <r-bonds are not involved 
in the reaction, three-membered cyclic halonium (chlo- 
ronium) ions are formed whereas in the case of alkanes, 
where the C—C o-bonds are involved directly in the reac- 
tion, open chain diaikyl chloronium ions are formed (chlo- 
rolysis). 



HjC=CH a 
+ 



H.C-CH, 



*N0 2 



-* H 3 CN0 2 + 1 



HaC-CH, 
+ 

ji CJ ©» 



T ] 



CH, 



£h 3 % 



(CH,)aC»V 



— (CltjlsC-NOj 
+ H® 



H 3 C-N0 2 

■f 

H 3 C-CHF-CH3 



Since tcniary and secondary nitroalkanes are cleaved with 
ease by strong acids, aliphatic electrophilic nitration is 
affected by protolytic cleavage of products and therefore 
generally cannot be carried out in strong acid media with- 
out giving complex reaction mixtures. 

4.9. Chlorination 

Chlorination of alkanes can also be carried out under 
electrophilic conditions, i.e. Friedcl-Crafts type acid-cata- 
lyzed chlorination. which takes place even at -78 W C in 
the darki 1 "'. 

In contrast to other electrophiles, the nature of positive 
halogens has not yet been sufficiently defined. Wc were 
able to carry out the chlorination of methane, ethane, 
propane, and higher alkanes in CK— SbF 5 — SO ; CIF solu- 
tion at -78*0 in the dark. In this reaction, substitution 
products (chlorination) are formed as welt us C— C cleav- 
age products (chlorolysis). The products formed can once 
again be explained as resulting from attack of the electro- 



Alkanes also react in general (i.e. under conditions where 
the intermediate products are unstable) with chlorine in 
(he presence of catalysts such as aluminum chloride, ferric 
chloride, and antimony pentachloride. Under the mild 
reaction conditions, these chlorides themselves show no 
chlorinating ability and are considered to act as true cata- 
lysts. (At higher temperatures and in the presence of light 
or free radical initiators ferric chloride, antimony penta- 
chloride, and phosphorus pentachloride are chlorinating 
agents.) The reaction conditions used are not considered 
to favor radical formation, although it must be pointed 
out that electrophilic chlorine (CI* or more probably Ctt) 
can be considered as a radical cation (i. e. the triplet state). 
At the same time, the chlorine atom (CI-) is a strong 
elcctrophilc. Hence the differentiation between ionic and 
radical chlorine is not as clear as in the case of other 
substituting agents. Further, some catalysts such as PCI, 
coordinate weakly with molecular chlorine and could facili- 
tate subsequent hemolytic cleavage and thus radical chlo- 
rination. 

The FriedeJ-Crafts type chlorination of alkanes affords 
varying yields (2—5% in the case of methane but up 
to 55—60% in the chlorination of higher alkanes, including 
neopentane) and fairly high selectivity. In the chlorination 
of methane only methyl chloride is obtained (no me- 
thylene chloride or chloroform oould be detected by gas 
chromatography). Stronger Lewis acid catalysts (AICI,*. 
FeCl 3 . etc.) cause increased dehydrochlorination of second- 
ary and tertiary alkyl chlorides with subsequent chlorine 
addition leading to vicinal dichloridcs. 
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4.10. Rearrangements and Related Transformations 

With a knowledge of the electron donor character of single 
bonds which leads to pentacoordinaied carbonium ions 
it is now possible to explain the mechanisms of acid-cata- 
lyzed saturated hydrocarbon transformation reactions in 
(hose cases where no it- or n-donor reagents are involved 
which could themselves readily produce the needed initial 
carbenium ions. In such systems, for example in the isomcri- 
zation of alkanes, the primary step is protolysis of a 
C— HoraC— Cbond with formation of the corresponding 
carbonium ion transition state. {We have recently presented 
a detailed account of the mechanism of protolysis of 
aikanes (,8u .) In the following reaction step, with simul- 
taneous cleavage of molecular hydrogen or of an alkane 
of lower molecular weight, an alkylcarbenium ion is formed 
which can subsequently undergo intra- or intermolecular 
processes (alkylation, alkyl or hydrogen shift, hydrogen 
transfer). These can all be considered to involve interaction 
of the electron-deficient carbenium center* 1941 with a C— C 
or H bond with formation of a new carbonium ion 
transition state. The typical carbocarion processes can be 
shown, for example, in the isomerization of butanes 11931 . 
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A decisive role is played by protonatcd cyclopropanes 
in the rearrangement of the $«K-butyl cation into the ren- 
butyl cation. The edge- and corner-protonated forms with 
three-center bonds of type (a) and (hi respectively, can 
be different iated from the methyl-bridged form [type (c)], 
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(37) 
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The skeletal rearrangements, however, must always take 
place with participation of the incipient primary isobutyl 
cation. Protonated cyclopropanes alone can not account 
for it, even though they arc known to be involved in 
the hydrogen and carbon exchange (scrambling) processes. 

Intramolecular alkylation processes (wc have previously 
discussed well-defined intermolecular aikylations of 
alkanes by stable aikyJcarbenium ions 1180 ') involving C—C 
or C— H bonds play a decisive role in ring contraction 
(or expansion) isomcrizations, as, for example, in the iso- 
merization cyclohexanc ^methylcyclopentanc. Again, 
either C— H delocaiizcd protonatcd cyclopropanes or 
C—Cdelocalized carbon bridged carbonium ion transition 
states can be involved. 

Whereas the cydohcxane-methylcyclopcntane isomeriza- 
tion 1 1901 involves initial formation of the cyclohexyl (mcth- 
ylcyclopcntyl) cation (i e . protolysis of a C— H bond) it 
should be mentioned that in the acid-catalyzed isomeriza- 
tion of cyclohexane up to 10% hexancs are also 
formed 11 " 6 - ,97 '.This is indicative of C—C bond protolysis. 



r t«j 
„ H 

//•Cyclohcxonium 
ion 




0 



H 
H 



C-Cyclohcxonium 



11 



rHgC-CHa-CHa'C^-CHa-CH,]® hexane isomers 

The observed protolytic behavior of cycloalkancs (and 
polycycloalkanes) in superacid solutions is indicative of 
either C— H or C—C bond protonation (,QH1 . 
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l.2-CHj(alkyl) or hydrogen shifts (or the similar 1,3-, 1,4- 
0 r 1,5-shifts) in aikylcarbenium ions can also be considered 
as intramolecular alkylation of the C— C or C— H bonds 
by the carbenium ion center which leads to alkenonium 
ions. Hydrogen and aikyl bridged alkenonium ions art 
not observed in superacid solutions of rapidly equilibrating 
ulkylcarbenium ions (i. a. by NMR, IR. Raman and £SCA 
spectroscopy^ 23 • 30 n - 36] ); they are therefore probably only 
transition states or short-Jived intermediates. However, 
it cannot be decided, as yet, whether alkenonium ion inter- 
mediates can exist. 

Proiolytic or alkylative three-center bond formation in 
carbonium ion processes can also explain cleavage and 
elimination reactions, particularly when the cleaving entity 
is a tertiary carbenium ion or proton; however, secondary 
and even primary ion cleavages arc also observed. The 
close relationship between substitution, addition, and elim- 
ination reactions is thus obvious. Common (or closely 
related) carbonium ion transition states leading to car- 
benium ion intermediates are involved, which can be 
formed either by o- or rr-routes. 



-U, 



s O-rpuk 
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The (3-cleavage reactions and deprotolyiic olefin forma- 
tions described by Whitmore u ^ can also be considered 
as examples of three-center bound carbonium ion cleav- 
ages. Schleyerl 200 \ as well as Brouwer and Noyeveen 120 * 1 , 
have called attention to the importance of orientation 
of adjacent C— H or C— C bonds relative to the vacant 
p-orbital of carbenium ion centers in intramolecular carbo- 
cation reactions (such as U-shifts and P-cleavages). In 
our opinion the orientation of the vacant p-orbital should 
be considered with regard to formation of a two-electron 
thrcc-ccntcr bonded carbonium ion transition state. 

As already discussed we were recently able to show that 
the fundamental intermolecular hydride transfer process 
described by Barrier, Nenitzexcu, and Sdwu>rting lx ** %w) 
involves a three-center bound carbonium ion transition 
state* 18,1 and not. as has been generally assumed, a linear 
transition state 12021 . Even in the sterically highly unfavor- 
able reaction of isobutane with the rtrr-butyl cation, in 
addition to fast intermolecular hydrogen transfer, forma- 
tion of small amounts of the alkylation product 2.2,3,3- 
letramcthylbutane (129) was also observed' 1801 . This 



R'aCH 



R' 3 C- 



R'jC® + HCR3 



R3C-CR3 + H® 
(M). R - CH 3 



strongly indicates the triangular nature of the transition 
state. In the frequently used hydrogen abstractions with 
triphenylmcthyl cations 13051 (such as in the preparation 
of tropylium salts from cyciohcptat^icnc ^;04, ) the hydride 



abstracting agent may not always be the tertiary carbenium 
ion site. When perdeuteriotriphenylmethyi cation was 
allowed to react with cycloheptatrtene to form tropylium 
i n, the triphenylmethane formed in the reaction showed 
protium substitution in the para (and orrho) ring positions. 
Hence, not only the tertiary carbenium ion center, but 
also secondary benzenium ion centers contributing to the 
stabilization of triarylmethyt cations, participate in the 
reaction 1 " 31 . 

6 6 

(40a) (40b) 

A somewhat similar situation has emerged from recent 
reinvestigation of Gomberg's triarylmethyl radicals'* 061 . 



4.11. The Question of Hyper conjugal ion 

Finally one can raise the question just how much a partially 
developed intramolecular three-center carbonium ton bond 
participates in hyper conjugation and the stabilization of 
carbenium ions. C— H and C— C hyperconjugation are 
simply explained by this term (where C— C hyperconjuga- 
tion should play a more important role than C— H hyper- 
conjugation). It should be clear, however, that in three- 
center bond formation the relative positions of the nuclei 
involved in this bond (compared to the starting com- 
pounds) must change Le. there arc indeed new bonding 
states developed which subsequently can lead to bridging. 

In contrast the stabilization of carbenium centers can also 
take place by a-*t electronic interaction without changes 
in bond lengths and angles, i. e. without extensive motion 
of the nuclei. This situation was described by Tray lor** 0 ** 1 
as vertical stabilization (in the Frank-Condon sense). There 
is, however, no reason to believe that a dichotomy should 
exist between participation with and without bridging. 
The hypcrconjugativc interaction will always be accom- 
panied by some geometrical change, but the extent of 
that deformation may be small or large (depending on 
the specific system). 



4.12. Concerning the Mechanism of Electrophilic 
Reactions of rc-Donor Systems 

The reactivity of olefins, acetylenes, and aromatic hydrocar- 
bons toward electrophilcs in addition and substitution 
reactions is based on the rc-electron donor ability of the 
unsaturated C=C or 0==C bonds and the rr-aromatic 
systems' 170 -- 207 '. 

In the reactions discussed so far we have emphasized the 
importance of formation of two-electron, three-center 
bonds in penta coordinated carbonium ion formation utiliz- 
ing the electron pair of single o-bonds. Two-electron, three- 
center bond formation is also considered to be involved 
in the initial step of electrophilic reactions of n-bonded 
systems. 
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Protonution of olefins, the essential first step in acid-cata- 
lyzed isomerizations. alkylation, hydration, and related 
addition and substitution reactions, isconsidcred to involve 
the initial overlap of the two carbon atom p-orbitais (of 
the rc-bond) with the empty s-orbiial of the proton form- 
ing the two-electron, three-center bond of the ethylencpro- 
tonium ion ( 130), a hydrogen bridged carbonium ion tlOH| . 



H a C=CH, • 



V 
1 

H s C-CH a 



^ CHj-CH, 



(130) 



In protonated higher olefins the three-center bond forma- 
tion should, because of electronic and steric effects, be 
unsymmetrical (oriented). Furthermore, both theoretical 
calculations rao9, and lack of experimental observation indi- 
cate that bridged alkeneprotonium ions (as well as "alkene- 
alkonium" ions) can exist oniy as high energy transition 
states, not as intermediates* but no decision can be made 
on this point as yct^ 0 *'. Subsequent opening of the three- 
center bond gives the carbenium ion intermediates of high- 
est stability (which explains the empirical MarkownikolT 
rule). 



(CH 3 ) a OCH a + H© 9* 



H 

A 

(CH 9 ) a C— CH a 



^ (CHg) a 8-CH, 

(2) 



Alkylation, nitration, etc. of ir-bonds is also considered 
to involve similar interactions with formation of tetracoor- 
dinated curbonium ion transition states (131) and (133) 
with three-center bonds. 



intermediates by comparison of the NMR spectra. NMR 
data of the observed three-mcmbered ring halonium ions 
and the three-center bound cthylenemercurinium ion 
(135 ) IU 1 } (which can serve as mode] compounds) are quite 
different. [(134), 6 H =5.53, S, 3C =120.8; (135), 5„=7.68. 
6u C ^57.] Even if in the latter case the bonding is somewhat 
different (due to additional d-orbital participation) to v^hat 
would be the case in a three-center bound halonium ion, 
increased p-charactcr of the carbon atomic orbitals in 
a tctracoord/narcd carbonium ion should be reflected by 
substantial dcshielding of the chemical shifts (caused also 
by higher charge density on these atoms). 



H a c-CH, 

V 



(135) 



! el jctr 



In electrophilic halogen additions to olefins the eldctrophil- 
ic halogen is considered to interact through its vacant 
atomic orbital with the jr-electron pair of the olefin to 
form a two-electron three-center bonded ion (or probably 
transition state). Opening of the three-center bond and 
simultaneous participation of the halogen non-bonded 
electron pairs then gives the thrcc-mcmbered halonium 
ion intermediate (which can be spcctroscopically observed 
and also isolated). Subsequent displacement by halide ton 
from the back-side results in the generally observed (runs 
stercospecificity of the addition. 



CHj-CHj 

+ • 
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:Br: 
(134) 



* Br 

(1)3) 



H a q— CH," 




H a C— CHj" 
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V 


R 




NO a 



(131) 



(132) 



in contrast the long-lived cthylenebromonium ion (133) 
and other aikeneha Ionium ions are not three-center bound 
10ns, but three-mcmbcred cyclic halonium ions with cova- 
lent C-halogen bonds 1 31 M| . These ions are clearly inter- 
mediates and the three-center bound halonium ions such 
as (134)— similar to previously discussed ions— could 



HjC— CH, 



Y 



Br 
(134) 



be the transition states leading to them: however, the 
existence of thrcc-ccnlcr bonded halonium ion interme^ 
dmes cannot be ruled out. Distinction between the two 
different types of alkenonium ions is not always clear,, 
although it could be. for example, in the case of observable 



An alternate route can be considered for the initial inter- 
action between olefin and bromine: polarized molecular 
bromine reacts with the it-bond through overlap of the 
back-lobe of the antibonding molecular orbital of the bro- 
mine to give the three-center bound transition state. 

Strming, Wieringu, and Wyr\bery {2X1 * recently isolated a 
bromonium ion salt of adamantylidencadamantane. 
Recent studies by with Schilling, Westermon, and Li^ 2iu] 
by 'H and n C-NMR spectroscopy have shown that the 
Br, and Cl> complexes of adamantylidencadamantane. 
as the Ag + complex, arc indeed three-center bound 



ff-complex 



Br 



0 -complex 



alkenonium ions [n -complexes), whereas the H* complex 
(in superacids) is the rdp\d\y exchanging (equilibrating) 
alkenium ion (o-eomptex). Thus, for the first time a direct 
differentiation of alkenium (a-complex) from alkenonium 
ions (Jt-complcxcs) was achieved in clectrophilic reactions 
of alkencs 1 n if highly hindered ones). 



JUN 24 2003 12:23 FR BAYER-PGH LIBRARY 412 777 2758 TO 2612 



P. 35/40 



We have also been able to achieve the first direct prepara- 
tion of cyclic three-mem bcrcd a- bound haJonium ions 
by electrophitic halogenation of less hindered olefins by 
reacting tctramcthyleihylene and ethylene, respectively, 
with cyanogen iodide (bromide) in presence of SbF s in 
S0 2 or S0 2 CIF solution at -78°C. 



X 



BrOKlCNKflbFj 



t 1 
-C— C- 



so,(60,cip),-eo^ \g/ 

SbFgCN 6 



In clcctrophilic reactions of various n-bonded systems the 
elcctrophiles can be defined in a broad sense according 
to the generalized Lowry-Bronsted concept. Addition reac- 
lionsjor example, are equally well carried out with various 
cationic reagents or Lewis acids, such as BH3 12131 or 
AlHj I2MI (Brown hydroboration f2l3J or Ziegler hydro- 
alanation 121 * 1 ). 



the electrophile will result in formation of a tetracoor- 
dinated three-center bonded benzoniura ion (136) (n- 
complex type transition state). Subsequent cleavage of the 
three-center bond gives a trivalent benzenium ion (137) 
(a-c mplex intermediate). The transition state, once again, 
can either resemble starting aromatics (when it lies early 
on the reaction coordinate) or be of arenium ion nature 
(in case of late transition states). For a more detailed 
discussion of the mechanism of electro philic aromatic sub- 
stitution see a recent review i 2,M . 



o-'-icC'-'f-o? 



H 
1136) 



H 
(137) 



Or 



+ 
AlH, 



A1H, H 



Since the B— H or Al— H bonds act as internal nucleophile 
during opening of the three-center bond it is clear why 
hydroboration and hydroalumination show cis stereospeci- 
flcily whereas halogen additions generally proceed by trans 
addition. 

Electro phi lie reactions by Lewis acid type reagents on 
cr-bonds are considered less favorable, since the weaker 
electron donor a-clcctron pair is generally not able to 
form carbonium ions via electron pair sharing with Lewis 
acids (which frequently arc dimeric or polymeric halogen 
bridged reagents like aluminum or antimony halides, and 
become electron deficient reagents only on breaking the 
halogen bridges )l That is the reason why Fricdel-Crafts 
catalyzed hydrocarbon reactions generally need co-cata- 
Iysts to provide protic or carbocationic reactivity. 

Elccirophilic additions to olefins can be considered, in 
accordance with the Hammond postulate' 2151 , to involve 
transition states resembling either the intermediate triva- 
lent carbenium (or, in the case of halogenation, three-mem- 
bcrcd ring haionium) ions or starting olefins. In the first 
case the new covalcnt bond is more developed in the 
transition state than in the latter. Thus the position of 
the transition state is not fixed and can vary along the 
reaction path and can resemble either starting olefin or 
carbenium ion intermediate. 



-a 



A similar situation is found in aromatic electrophitic substi- 
tutions' 21 M . Once again, in these reactions we must assume 
ihc electron donor ability of a 7i-elcctron pair towards 



n-Electron pairs are, of course, stronger electron donors 
than a-electron pairs. In systems containing both it- and 
0-bonds, therefore, the K-system is generally the reactive 
site. For example, in toluene, elect rophilic reactions lead 
to substitution at the ring and not at the methyl group. 
However, if we make the rc-system less available (either by 
deactivating groups or by steric crowding) the o-bonds 
of the methyl group can become more reactive. Thus penta- 
fluorotoluene undergoes electrophilic reactions on the 
methyl group' 3 n \ 

Similar considerations are also valid Tor the reactivity 
of deactivated or sterically hindered olefins and other n> 
donor systems. 

Dewar {2l * ] should be credited with having advanced the 
concept of "rt-complex" interaction of elect rophiles with 
n-donor systems as far back as in the 1940's. rc-Complcxes 
were, however, generally regarded only as weak donor/ 
acceptor interactions between the it-donor system and the 
electron-deficient rcactant. Dewar, however, considered 
them as much stronger "molecular bonds", the it-electron 
pair overlapping with the electron-deficient species* empty 
orbitaL In 1965, when discussing "nonclassical ions" as 
n-complcxcs, Dewar and Marchand l2lt>] stated, "...in a 
true n-oomplex, the rc-donor and acceptor art linked by 
a covalent bond, not by weak forces of v tt n der Waal's 
type." Dewar's n-compicxes indeed are carbonium ions 
(aikonium ions) involving two-electron, three-center bonds, 
with the n-system supplying the electron pair for the bond. 

It should be emphasized that the chemical literature con- 
tains in many instances suggestions for bridged (symmetri- 
cal or unsymmetrical) cationic intermediates, besides 
Dcwar*s it-complexes. For example, Tafi 1 20 H| suggested that 
the protonation of olefins leads first to a separate n-bonded 
species which subsequently can transform into a carbenium 
ion. tngokP 229 \ Wmtein^ u l Bmlmfi m \ Cram l22 *\ 
SriVes' 22 * 1 , Berson {22i \ Alien, Schteycr. and PopM 21 " as 
well as other investigators have on different occasions 
discussed in considerable depth the question of bridging 
in carl -ations. Only our recent studies, however, have 
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shown that the unifying principle of all electrophilic reac- 
tions is indeed the general donor ability of the bonded 
electron-pairs of cither ic- or a-bonds to form, with the 
vacant orbital of the electrophile, triangular two-electron 
three center bound carbontum ions (transition states or 
intermediates), which subsequently can give trivalent car- 
benium ions or lead to substitution (addition) products*' 51 . 

5. Outlook 

In conclusion, the differentiation of trivalent carbenium 
from penta- or tetracoordinated carbontum ions, based 
on their direct observation, showing marked differences, 
for example, in their NMR and ESCA spectra, should 
put an end to much of the "myth" surrounding organic 
cations and to the so-called "classical-nonclassicai ion con- 
troversy". In defining limiting categories of carbocations 
it must be clearly understood, of course, that there exists 
the possibility of a whole spectrum of ions or intermediate 
degrees of derealization (or panial "nonclassjcal" nature) 
and therefore division in strictly limiting categories fre- 
quently is arbitrary. Whereas the norbornyl cation itself, 
for example, is a completely symmetrically delocalizcd 
nonclassicaJ carbonium ion, the 2-methylnorbornyl cation 
shows panial dclocal teat ion. More importantly, the con- 
cept of pentacoordmated carbonium ion formation via 
electron sharing of single bonds with electrophilic reagents 
in three-center bond formation promises to open up a 
whole new important area of chemistry. Whereas the con- 
cept of tetravalency of carbon obviously is not affected, 
carbon penta- (or tet ra-}coordina!ion as a general pheno- 
menon must be recognized. Trivalent carbenium ions play 
a major role in electrophilic reactions of it- and n-donors, 
whereas pemacoordinated carbonium ions play an equally 
important similar role in electrophilic reactions of a-donor 
saturated systems. Accordingly electron donors can be 
categorized into the following types: 



Types of electron donors 



n-Donors 


c-Donors 


trDonor* 


banded shared) 




non-bonded (unshared) 


electron pair donors 




electron pair donors 


alfccftca 


attunes 


hcicro-atoms, such 


alkyncs 


single bonds of ul} 


as 0, S, N. Hiil nr. 


aromatic? 


types, such as C—H, 


carfcmnions 




C— C II— H. nr. 





The realization of the electron donor ability of shared 
(bonded) electron pairs (single bonds) could one day rank 
equal in importance with C. N. Lewis reali2ation f2:7J of 
the importance of the electron donor unshared (non- 
bonded) electron pairs. We can now not only explain 
the reactivity of saturated hydrocarbons and single bonds 
in general in electrophilic reactions, but indeed use this 
understanding to explore many new areas and reactions 
of carbocation chemistry. 

Finally. I would like to point out that my review dculs 
primarily with the structural problems of carbocations 



based on the direct (spectroscopic) observation of long- 
lived ions and the role carbocations play in the course 
of electrophilic reactions. No attempt has been made to 
give a complete survey of this very large and active Held. 
I would, therefore, like to apologize to all those colleagues 
working in this field whose important contributions have 
not been mentioned. The choice of material was strong^ 
influenced by limitations of space and my own interests 
and should not be assumed as a critical evaluation. Our 
own studies were inevitably strongly emphasized and 
served as a basis for development of the general concepts 
presented. 
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Polar Cycloadditions" 



By Richard R, Schmidt^ 



Cycloadditions with ionic components are known as "polar cycloadditions" to distinguish 
them from cycloadditions with dipolar and uncharged components. The structural require- 
ments, the manner in which "polar" intermediates capable of addition are produced and their 
reactivity with activated and n onacti vated multiple bonds, the many peculiarities of the course 
of the cycloaddition, and the favorable synthesis of heterocyclic systems by this reaction prin- 
ciple makes such a terminological distinction useful and necessary if the existing data are to 
be brought into order. The present review, which is the first on a field of chemistry that has 
not yet been very extensively investigated, deals initially with cationic and then with anionic 
polar cycloadditions. 



1. Introduction 

1.1. Polar Cycloadditions— Definition 

Cycloadditions with uncharged [eq. (I)] and dipolar com- 
ponents [eq. (2)] are widely known synthetic principles. 
Between these there are cycloadditions with positively and 
negatively charged ionic components, whose reactivity is 



I + H 



II I 



b I 



(1) 



(2) 



due primarily to their electrophilic or nucleophilic charac- 
ter. These reactions will be classified as "polar cycloaddi- 

[■] Doz. Dr. R. R. Schmidt 

Institut fur Organischc Chcmic der Univcrsitdt 
7 Stuttgart 1, Azenbergstrasse 14 (Germany) 

[••] Note added in proof: The importance of this reaction principle 
has recently been further demonatrated by Esehemnoser [148], Oho- 
sez [149], Huisgen [150], SchMkopf [151]. Corey cr ai [152]. and 
some other research groups. 



lions" [eq.(3a)and (3 b)] mi \ They are of interest in partic- 
ular for the feasible synthesis of heterocycles, the inclusion 
of nonactivatod multiple bonds in the scope of the reaction, 
and the numerous questions raised by following this 
synthetic route. 

It is suggested that the number of ring atoms contributed 
by the ionic or "polar" components 1 * * ] and also the charge 
on the reactive centers should be indicated by descriptions 
such as [4 e + 2] and [3 e + 2] cycloadditions 1 *** 1 . 

However, this tells us nothing about the reaction mecha- 
nism. The intermediate position of polar cycloadditions 
between those with uncharged components and those with 
dipolar ones is not merely formal. Thus transitions from 
synchronous (i.e. simultaneous, though not necessarily 
equally fast) lo non-synchronous formation of the new 
a bonds to give the cycloadducl are often observed here: 



[*] A few examples were compiled earlier and their peculiarity stressed : 
sec Rel [7], pages 607. 608- 

[**] The number of ring atom* contributed by the individual compo- 
nents has been used by Huisgen [2] for the classification of cycloaddi- 
tions. 

["*] Cycloadditions with uncharged components, such as Diels- 
Aldcr reactions, can then be described, as in the past [2], as [4 + 2] 
cycloadditions, and r.y. dipolar 1,4-cycloadditions arc distinguished 
from these by designation as [4°+ 2] cycloadditions: see also [3]. 
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